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Non-relativistic optical model has proved to be useful 
for analyzing nucleon-nucleus elastic scattering experiments 
at low energies. It has also been successful in accounting for 
the nucleon-nucleus elastic differential cross-section data 
even at intermediate energies where one expects the 
relativistic effects to be important provided that appropriate 
relativistic kinematic instead of the non-relativistic ones 
are used. However, the situation at intermediate energies 
changed dramatically about a decade ago when the 
spin-observables especailly the spin-rotation function were 
also included in the analysis. The non-relativistic approaches 
whether phenomenological or microscopic failed seriously in 
accounting for the spin-rotation function data around 500 MeV. 
The failure of the non-relativistic optical model at 
intermediate energies led to the application of what is now 
popularly known as the Dirac optical model phenomenology in 
which one uses the Dirac's relativistic equation instead of 
the non-relativistic Schrodinger equation and a mixture of 
complex scalar and vector potentials. The Dirac phenomenology 
has not only proved to be very successful in accounting for 
the elastic scattering observables at intermediate energies 
but it also gives rise to the spin-orbit term in the 
Schrodinger equivalent potential rather naturally. 
A computer code was developed by us to calculate the 
scattering observables solving the Dirac equation using vector 
and scalar potential* obtained by folding the effective 
NN-interaction as mentioned in chapter III. 
In this work we have used the Dirac relativistic 
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phenomenological approach to analyze P + Ca (i.e., 135 MeV 
to 800 MeV and 200 MeV to 500 MeV respectively) in the folding 
model. Our main aim in the present analysis, has been to 
observe the effects of using different nuclear ground state 
densities as obtained from the various sources, on the 
scattering observables and on the radial distribution of the 
resulting potentials especially on the real Schrodinger 
equivalent potentials. We have laid our emphasis on the 
transition energy region as it is always difficult to 
reproduce the data in this energy region. 
For proton elastic scattering on Ca and Pb we have 
found that our analysis with a few exceptions reproduces the 
differential scattering cross-section data quite well, at all 
energies considered in this work. Surprisingly the good 
reproduction of the differential cross-section data at all 
energies is found to be almost insensitive to the nuclear 
densities employed in fitting the data. Since a similar 
situation does not exist in the non-relativistic approaches, 
it may be concluded that the good reproduction of the 
differential cross-section data irrespective of the source of 
the target densities, energies and target is purely a 
relativistic characteristic signature. A marked improvement in 
fitting of the spin-observables is also obtained. But unlike 
differential cross-section the spin-observables are found to 
be very sensitive to nuclear densities used in the 
calculations. The differences in the fitting corresponding to 
the different nuclear densities, considered here, are 
prominent at large angles. Especially the transition energy 
region data (i.e. 181 MeV and 200 MeV) is highly sensitive to 
the input densities. 
Our analysis shows that 
i) the adequate description of spin-rotation function from 
the fitting of the differential cross-section and 
polarization data is relativistic characteristic and it 
depends on the form of the densities used in the analysis 
and the energy of the projectile in the lab system 
ii) the appearance of the wine-bottle-bottome shape, in the 
radial distribution of the resulting Schrodinger 
equivalent real central potential for P + Ca elastic 
scattering at 200 MeV, is very sensitive to t.lio nuclear 
density model employed, 
and 
iii) two different shapes of the Schrodinger equivalent 
potentials (U,,) are required to fit the differential 
cross section and polarization data satisfactorily at 
200 MeV. The latter simply shows that no unique 
potential can give satisfactory fit to the differential 
cross-section and polarization data at 200 MeV 
simultaneously. 
Further, we find that the inclusion of spin-rotation 
fuction data in our analysis markedly improves the results of 
polarization data as well, particularly in the transition 
energy region. This shows the importance of measuring the 
spin-rotation function data for a reliable determination of 
the Dirac optical potential and hence the density 
distribution. 
The appearance of an attractive pocket in the radial 
distribution of real Schrodinger equivalent potential has been 
found to be an essential feature of the Dirac potential which 
reproduces the data quite well at all energies considered here 
for both the targets. This feature also depends on the form of 
density used to obtained the potential. Thus it is not only 
the relativistic characteristic signature but also a crucial 
requirement. 
With regard to the different densities used in the 
analysis we may conclude that the use of Negele and Igo 
densities give better results at lower energies. However, on 
the whole the densities as given by Ray, Chaumeaux and Igo 
give better results as compared to others at most of the 
i> 
energies and these densities may be taken as more realistic. 
Microscopic densities such as the shell model densities or 
Hartree Fock densities yield poor results when employed in the 
calculation. This shows the inadequacies of the existing 
microscopic theories as far as the finer details of the 
density distribution are concerned. Our study also highlights 
the importance of incorporating the nuclear finite size 
correction. 
To sum up the Dirac optical phenomenology in conjunction 
with the folding model for calculating the optical potential 
seems to be fairly reliable in extracting information 
regarding the ground state density distribution in target 
nuclei and testing nuclear structure theories. 
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Chapter I 
I N T R O D U C T I O N 
2 
Introduction 
Scattering of energetic particles as a tool for probing 
the structure of the target nucleus has been a customary 
practice since the early days of electron diffraction 
experiments . The experiments on nucleon scattering of nuclei 
in the early fifties were motivated along similar lines. 
However in this case, a curious feature, namely the occurance 
of broad resonances in the poor resolution neutron scattering 
data at lovier energies provided encouragement for research in 
this new field, namely application of optical model to 
describe nucleon-nucleus elastic scattering even at low 
incident nucleon energies. 
The essential idea of the nuclear optical model, which 
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was introduced as early as 1935 by Bethe and others ' , is 
that a nucleon incident on a nucleus may be elastically 
scattered or it may cause a variety of different reactions. 
If the incident particle is represented by a wave, then in 
classical language it may be scattered or it may be absorbed. 
In optics this is analogous to the refraction and absoption of 
a light wave by a medium of complex refractive index, the 
imaginary part of which describes the absorption of the 
incident wave. Hence in the nuclear case the real potential V 
is replaced by a complex potential < V + i W ), where the 
imaginary part W describes the occurence of all inelastic 
reactions. It is because of this optical analogy that the 
complex potential is generally called, 'Optical Potential 
Nuclear scattering using a complex potential was extensively 
studied in 1954 by Feshbach, Porter, and Weisskopf ' who 
called it the cloudy crystal ball model and applied it to 
interpret the poor energy resolution experiment of Barschall 
et al . 
In early days the optical potential was taken to be only 
central comprising real and imaginary parts. But, by 1964 , it 
became imperative to introduce a spin-orbit coupling term as 
well. Initially, it was found adequate to take the spin-orbit 
term as real. However, with the refinement of the experimental 
situation and availability of medium energy scattering data it 
became necessary to introduce a complex spin-orbit term as 
well. 
Since early sixties, extensive amount of work has been 
done in the field of nuclear optical model. With increasing 
amount of more and more refined experimental data, finer 
aspects of the phenomenological optical potential such as the 
radial distributions of it's various components, it's 
dependence on energy, it's non-local character, it's 
dependence upon target mass-number, etc. have been studied. 
On the theoretical front two kinds of approaches were 
pursued. In one, attempts were made to calculate the nuclear 
optical potential from the basic NN-interaction. Earlier the 
calculations were made mainly in nuclear matter and the 
quantities calculated were the strengths of the real and 
imaginary parts of the potential. Later, these calculations 
were extended to finite nuclei under the local density 
approximation. 
The other theoretical approach was that of Feshbach in 
which an exact but formal expression for the optical potential 
was obtained assuming a soft core NN-interaction. This 
approach is calculationally difficult but it does help in 
throwing considerable light on some characteristics of the 
optical potential. 
Over the past two decade or so considerable interest has 
been shown to nucleon-nucleus scattering in the energy region 
150 MeV to 1000 MeV. The main reason for the interest being 
the hope of learning those aspects of nuclear scattering and 
target structure which are not revealed at lower energies 
because of the complex nature of the nuclear reaction 
mechanism in this energy region. 
Traditionally, at intermediate energies, non-relativistic 
microscopic models have been used to describe proton-nucleus 
elastic scattering phenomena through the use of Schrodinger 
equation appropriately modified for relativistic kinematics. 
Some of these approaches are the multiple scattering theories 
of Watson , Kernam, McManus and Thaler (KMT)^, the multiple 
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diffraction theory by Glauber and Bethe-Goldstone's self 
energy formalism . Such approaches met with considerable 
success in reproducing proton-nucleus elastic angular 
distribution data at intermediate energies. And, until a 
decade ago it seemed that accurate, parameter-free 
descriptions of proton-nucleus elastic and inelastic 
scattering observables would eventually be achieved through 
use of traditional non-relativistic approaches. 
However, with the appearance of the spin observable data 
specially around 500 MeV, it soon became clear that 
non-relativistic approaches are highly inadequate to account 
for the data and that attempts to improve the theoretical 
situation within the non-relativistic framework would not be 
successful . Use of improved densities , different 
nucleon-nucleon phase shift solutions, second order optical 
potential terms, Fermi motion averaging, Breit frame kinematic 
and relativistic spin precession in the nucleon-nucleon spin 
13 
dependent effective interaction , electromagnetic spin-orbit 
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correction , and simple (zero range ) Pauli blocking 
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estimates were unable to account for the discrepancies 
between non-relativistic scattering models and the 500 MeV 
data even qualitatively. 
In parallel with the Schrbdinger dynamic based on the 
microscopic optical potentials, some phenomenological methods 
were also applied to interpret the intermediate energy data. 
Of these the one followed by the group of Clark was very 
different. They used the Dirac equation instead of the usual 
Schrodinger one, as will be discussed in detail later. 
Initially, this approach did not receive much attention and 
it's success was attributed to the greater freedom available 
to the phenomenology in terms of larger number of free 
parameters. It was only when the Dirac phenomenology 
established it's superiority over the Schrodinger approach in 
explaining the spin-rotation parameter that it was taken 
seriously. Further the successes of the relativistic 
treatments of the nuclear structure over the past few years 
have also encouraged applications of the Dirac relativistic 
equation with appropriate optical potentials to analyse the 
medium energy nucleon-nucleus scattering data. Such analyses 
which are generally called Dirac phenomenology will be 
described in detail elsewhere. 
In this work we present an extensive study of Dirac 
phenomenology by considering proton elastic scattering data on 
Ca and Pb over a wide range of energies and using 
different densities. In particular we have used seven 
different forms of nuclear ground state densities for Ca and 
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three for Pb as available in current litrature. These 
densities are taken from the studies of L. Ray (LRAY), 
Chaumeaux*** (CHMX), Igo^ ** (IGO),& Negele"'" (NEG. FNEG), as 
well as shell model^^ (SMD), and Hartree Fock^* (HFD) 
Calculations. The densities are needed as an input because we 
constrain the phenomenology by the folding model and treat 
only the strength parameter as free. The analyses presented in 
this work also provides a test of this constraint for a wide 
range of projectile energies and for Ca and Pb spin-zero 
targets. 
The precise knowledge of the distribution of nucleons 
inside the nucleus has always proved very helpful in 
determining the radial distribution of the optical potential 
within the folding model framework. Alternatively, the folding 
model may also be used for determining the density 
distribution. Many authors have analyzed the scattering data 
using diffrent densities to find the most preferred one by the 
experimental data in the intermediate energy region and have 
also studied their effects on the resulting optical potentials 
using non-relativistic and relativistic approaches. 
Many of these are microscopic approaches. The earlier 
phenomenological approaches were different from the one 
adopted here mainly in the number of free parameters. 
Throughout our analysis we have treated only the strengths of 
the complex scalar and vector potentials as free parameters. 
In case of relativistic approaches the stronf? dependence 
of scalar and vector potentials on proton and neutron 
distributions in nuclei can be helpful in choosing proper 
matter distribution. The effects of these different form of 
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nuclear ground state density distributions on the 
resulting optical potentials (schrodinger equivalent effective 
central. U ,, and spin-orbit, U„„) are also quite important. 
We have extensively analyzed their effects on fitting of 
scattering observables (particularly spin-observables), 
resulting optical potentials and features which are called 
relativistic characteristic signature of the model. Our 
results are not only quite satisfactory compared to those 
obtained using the non-relativistic phenomenological 
models ' but also shed considerable light on the success of 
the Dirac phenomenology and the usefulness of the medium 
energy proton scattering experiment in determining the ground 
state densities. 
In chapter II. of this work we review the development of 
conventional non-relativistic schriidinger phenomenology 
putting emphasis on those aspects which are basically 
considered responsible for it's collapse or failure at 
intermediate energies. In chapter III we discuss the 
relativistic Dirac optical model in detail. In this chapter we 
have given it's brief history, a review of purely 
phenomenological approaches, the Schrodinger equivalent 
potentials and the detailed description of folding model. We 
have also presented a comprehensive comparison of relativistic 
Dirac phenomenology with the non-relativistic Schrodinger 
phenomenology. The chapters IV & V present our studies with 
different forms of nuclear ground state densities. In chapter 
IV, we have mainly studied the effects of the use of different 
form of nuclear ground state densities on the scattering 
observables of p + Ca elastic scattering, over the energy 
region 135-800 MeV. The variations in the radial distributions 
of the optical potentials with densities and energies have 
been thoroughly investigated in this chapter. The dependence 
of the so called relativistic characteristic signatures on the 
input ground state nuclear densities and energies is also 
examined in detail. In chapter V we present a detailed 
208 
analysis of p + Pb elastic scattering at 200 to 500 MeV 
using the target ground state densties available in the 
current litrature. A detailed study of the effect of using 
different forms for the target ground state density on the 
scattering observables and on the resulting optical potentials 
has also been given in this chapter. Finally a summary of the 
present study and the main finding are given in chapter VI. 
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Chap te r H 
A REVIEW OF NON-RELATIVISTIC OPTICAL MODEL 
u 
Introduction 
As mentioned earlier, until about a decade ago it 
was generally believed that the conventional non-relativistic 
optical model phenomenology or the non-relativistic 
microscopic approaches were adequate to explain all the 
scattering observables even at intermediate energies. However, 
the applicability of the conventional optical model became 
doubtful when it was applied to reproduce the proton-nucleus 
elastic scattering observables at about 180 HeV. Still the 
results obtained above about 100 MeV, from the standard 
optical model were regarded as acceptable as far as the 
differential cross-section and polarization data were 
concerned, except at 500 MeV. The 500 MeV proton-nucleus data 
proved to be the most crucial one to the standard Schrodinger 
optical model. The failure of the conventional model became 
apparent soon after the availability of proton-nucleus 
spin-rotation function data at 500 MeV, as it badly failed to 
reproduce experiments. Some modifications employed could not 
remove the discrepancies between the phenomenology and 
experiments. This is also true for the non-relativistic 
microscopic approaches. None of the microscopic approaches 
could satisfactorily explain 500 MeV proton elastic scattering 
observables i.e., the differential scattering cross-section, 
polarization and the spin-rotation function. 
16 
U^(r) = V^ fj^ (r) + iW^(r)fj(r), 
where generally speaking. 
f^ (r) = ^ 1 + e I. m^'i 
- 1 
} . (X=R.I) 
Here, f (r) and f (r) are the real and the imaginary radial 
R I 
distribution functions and V (W,,), R_(R^ ) and a (a ) are the 
strength, radius and the diffuseness parameters of the real 
(imaginary) potential respectively (R and I stand for the real 
and the imaginary). Fig. 1(a) shows a typical example of such 
40 
a potential form factor for the case of p + Ca at 160 MeV. 
The standard spin-orbit potential is also taken to be complex 
and it is of the conventional Thomas form involving the 
derivative of the Woods-Saxon function. 
"so^^) =[ \ o R^<^ > ^ i "so «i(r> ]• 
with. 
1 ^ r d 
g.(r) = \ ^ [—JM^x^^) .(X. R.I ). 
Where, K^ is the conventional pion compton wave length 
%' 
2 40 
in fm . For p + Ca at 160 MeV and a grazing 
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In section 2.1 of this chapter a brief account of 
conventional optical model phenomenology and the possible 
relativistic corrections are given. In section 2.2, we have 
discussed the performance of the standard optical model at low 
energies i.e., 60-180 MeV, and have also established the 
necessity of the spin-rotation function experiments. In 
section 2.3, we have presented a short survey of the results 
of the standard optical model above about 180 MeV and have 
discussed it's failure. In section 2.4 the same modifications 
introduced in the standard optical model phenomenology are 
discussed and the region of it's total failure is 
highlighted. 
2.1 Conventional Optical Model Phenomenology 
Extensive and precise measurements of the scattering 
observables (i.e., differential cross-section, analyzing 
power, spin-rotation function) have long been considered as a 
tool for extracting useful informations about target nuclei 
and the scattering medium. Such measurements are important for 
generating a systematic, global, phenomenological optical 
model description of the nucleon-nucleus interaction. 
Standard local optical model potentials involving 
Woods-Saxon form factor for the complex central potential are 
written in the familiar form as. 
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partial wave L = 10, the real and imaginary spin-orbit 
potentials are displayed in Fig. 1(b). 
In the conventional optical model calculation at medium 
and high energies these potentials are inserted in the radial 
Schrodinger equation with appropriate relativistic kinematics, 
giving 
1(1 + 1) 2M. 
dr^  
U^(r)+ U ,(r) + 
C coul 
U (r) (a.t\ + r 
^ij -~ 0 ' (2.1) 
where, f» 
E . E 
P A 
[^'* ^4 
is the relativistic reduced 
energ>, Ep(E ) is the total energy of the incident proton 
(target nucleus) in the proton-nucleus center of mass (cm.) 
system. 
(a.ty. = ,(j + l) - l(i + l) - 3 
4 
as usual and K^  is the proton-nucleus cm. momentum 
corresponding to the incident laboratory energy E 
lab 
IS 
2.1.1 Relatlvistlc Corrections 
At energies around 200 MeV or above some minimal 
relativity is incorporated that involves either (1) 
replacement of reduced mass by reduced total energies or (2) 
relativistic correction which arise in the reduction of the 
Dirac equation for the upper component of the wave function 
under certain assumptions about the nature of the relativistic 
wave equation and potential. For example, with U(r) taken as 
the time like component of a Lorentz 4-vector potential, the 
reduced wave equation has the form, 
r 7^ + P T - a U(r) lv(r) = 0 , 
where. 
T = T + T 
1 2 
with T and T as the kinetic energies of the projectile and 
target in the centre of mass frame, 
2^ 2 ( E - m^  ) m ( E - m + m ) 
a = , [i = 
and. 
E = T + m + m 
1 2 
Here, m^  and m^  are the masses of the projectile and target 
nuclei respectively. In either case, one arrives at 
essentially identical radial wave equations which looks very 
IS 
much like the non-relativistic equation except for some 
renormalization of the potential terms. 
2.2 Standard Local Schr6dlnger Optical Model 
The conventional non-relativistic optical model 
reproduces the differential cross-section very well at 
energies between 60 MeV (Ref.l) and 180 MeV (Ref.2), shown in 
Fig. 2(a) for Ca, Zr and Pb. One can see that over this 
energy range the standard optical model clearly provides an 
excellent representation of the data. 
Typical analyzing power measurements corresponding 
to these cross-section data for the same nuclei are presented 
in Fig. 2(b), for energies between 80-180 MeV. Here it is to 
be pointed out that in this energy region, and particularly 
for the lighter nuclei, the analyzing power is predominantly 
positive, oscillatory at the highei: energies. For heavier 
nuclei one sees a more oscillatory pattern with brief 
excursions into the negative region. Whatever are the 
systeraatics of analyzing power, the response of the 
conventional optical model to the experimental data between 60 
MeV (Rer.3) to 180 MeV (Ref.4) is again quite satisfactory as 
is shown in Fig. 2(b). 
o 0 
2.2.1 Spin-rotation Function 
So far we have mentioned only the differential 
cross-section and analyzing powers (or polarizations) as 
observables in elastic scattering experiments. On general 
grounds it turns out that the elastic scattering of a nucleon 
from a spin zero target can in general be specified by three 
independent observables. This is because for a nuclear 
interaction potential, consisting of a central and a 
spin-orbit part, the scattering amplitude, M(0), is fully 
specified by two complex terms F and G 
M(0) = F(0) + G(©)o.n , 
where F(0) and G(0) are the spin-independent and 
spin-dependent parts of the scattering amplitudes 
respectively, a is the proton spin operator and n = , 
defines the scattering plane, i and ^, being the incident and 
scattered projectile momenta respectively. 
Hence, the scattering amplitude at a given energy 
and angle is specified by three real numbers (in addition to 
an overall phase factor). Thus independent measurements are 
necessary to completely determine the scattering amplitude. 
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One of them being the elastic scattering differential 
cross-section: 
CT(0) = |F|^ + |G|^ 
the remaining two may be taken as the polarization P(©) 
(analyzing power A ) and the spin-rotation function Q(©) which 
are defined by: 
2Im(FG*) 
P(©) = ^ -. 
|F|% |G|^  
and, 
Q(©) = 
2 Re(FG*) 
While, in principle, Q can always be measured, very few 
measurements of spin-rotation (which involves double 
scattering of a polarized beam with in-plane spin quantization 
axis) exist because of experimental difficulties, particularly 
at low energies. At higher energies (where more efficient 
second-scattering polarimeters can be constructed) 
spin-rotation measurements can be performed in practice 
relatively more easily. The spin-rotation function Q(0) is 
related to the spin-rotation angle P, shown in Fig. 3(a) by 
the relation, 
1 
2 
Q(e) =[1 - E^(e)l Sin p . 
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Measurments of Q(0) are now available at 200 MeV, 
500 MeV and 800 MeV for p + *°Ca elastic scattering. The 500 
MeV data for *''Ca are illustrated in Fig. 3b. The great 
usefulness of this kind of measurement is illustrated in Fig. 
3(c), where the differential cross-section o{6), polarization 
?{0) and spin-rotation function Q(0) are presented, alongwith 
theoretical calculations. The solid line (which essentially 
passes through all the data points) is a Dirac Hartree model 
fit to the data. However, we would like to enphasise, here, 
the dashed curves Fig. 3(c), whcih are the predictions of a 
standard optical model. The figure shows that the standard 
optical model gives a reasonable account of tr(e) and P(0) at 
these energies but it seriously fails to account for the 
spin-rotation function. This provides a convincing evidence 
for the usefulness of measuring Q(0) for determining a more 
realistic optical model parameterization of intermediate 
energy scattering experiments than is possible on the basis of 
tr(0) and P(0) data alone. 
2.3 Failure of Standard Optical Model above 200 MeV 
Let us now take a look at the potentials that one 
finds in the conventional, standard optical model analyses 
over intermediate energy region . Till now a simple 
Woods-Saxon paramoterization of the optical potentials has 
been considered. The real central potential (Re.U ), shown in 
Fig. 4(a) becomes repulsive above about 600 MeV and, since in 
23 
this parameterization the potential has a monotonic radial 
dependence, it is obviously either attractive every where or 
repulsive every where. In the right panel of Fig. 4(a) we show 
the imaginary part (Im.U ) of the central potential which is 
c 
seen to increase monotonically with energy. 
The phenomenological spin-orbit potentials are 
illustrated in Fig. 4(b). The real spin-orbit term is 
attractive while the imaginary part is repulsive, in the sense 
of having opposite signs. Generally, the real spin-orbit 
potential decreases with increasing energy, while the 
imaginary spin-orbit potential grows with increasing energy. 
However, at 500 MeV the real spin-orbit potential appears 
larger than at 200 MeV. That is a peculiarity which is not 
believed to be real but a manifestation of the failure of the 
standard optical model in this energy region . For example, 
the r.m.s. radius of the real central potential, illustrated 
in Fig. 4(c) for p + Pb over the intermediate energy region, 
typically exhibits a peculiar non monotonic behaviour, 
indicating that the geometry of the real central potential 
appears to be changing quite substantially with energy. At 
high energies we find an r.m.s. radius which is considerably 
smaller than at lower energies, suggesting that the range of 
the repulsive potential is shorter than that of attractive 
potential at low energies. 
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If one studies the behaviour of the various volume 
integrals obtained in the phenomemological analyses, (i.e., 
the real and imaginary parts of the central and spin-orbit 
volume integrals, J . J, R and K respectively), it is found 
that J becomes larger than J„ above about 300 HeV incident 
nucleon energies. On the other hand the spin-orbit potential 
exhibits a very peculiar behaviour above 200 MeV. The central 
potential volume integrals tend to hide much of the difference 
in the potentials themselves. The important, major differences 
which are readily apparent concern the spin-orbit potential 
where the phenominological behaviour is indeed seen to be 
drastically at variance with any model, and this indicates 
most dramatically the failure at higher energies of the 
Woods-Saxon parameterization employed in the definition of 
both central and spin-orbit potentials in the standard optical 
model (because of the strong interplay between central and 
spin-orbit components in the phenomenological optical 
potential, a problem with one component is substantially 
reflected in the other component). Fig. 5 illustrates that 
failure of the standard model parameterization directly by 
presenting an example of the quality of the best fit one can 
obtain with the conventional phenomenology at 400 MeV. There 
are always serious problems, in fitting the differential 
cross-section beyond - 20**, and similar problems in fitting 
the analyzing powers. 
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2.4 Modification of the Standard Optical Model 
Failures of the standard Woods-Saxon optical 
potential, discussed in the last section 2.3, above ^ 200 MeV 
emphasizes the need for a more flexible parameterization. 
Generally speaking phenomenological analyses of 
nucleon elastic scattering data are made using the Woods-Saxon 
form. However, there are a few analyses, which show that 
substantially better fits can be obtained with potentials of a 
4 
different form, for example, the Woods-Saxon squared form . 
Also analyses of proton elastic scattering experiments on 
Pb and some other nuclei at low energies (i.e., 30 MeV, 40 
MeV and 61.4 MeV) have shown that addition of a real surface 
peaked potential improves the fit to the data. 
At higher energies (above about 180 MeV), it was 
found that both the differential cross-section and the 
polarization data can be fitted with Woods-Saxon potentials, 
provided that the imaginary potential extends beyond the real 
part ' , but it gives rise to another difficulty namely the 
values of the calculated reaction cross-section comes out to 
be much higher. As early as in 1966 Elton while analyzing 180 
MeV proton scattering from Fe found that it is possible to 
retain the fits to the differential cross-sections and 
polarizations and yet reduces the corresponding reaction 
cross-section, by adding a repulsive core term to the real 
26 
part of the potential. This empirically found potential shape 
is illustrated by curve 1 in Fig. 6(a). Later Humpre . , using 
a relativistic model involving vector and scalar •= ceractions, 
tried to explain Elton's result and obtained the type of 
potential shown by curve 2 in Fig. 6(a). A recent improved 
calculation of the real potential usin , local density 
approximation by Jaminon et al ., shown m figure 6(a) curve 
3 for p + Ca, resembles qualitatively with Elton's curve. 
Also shown in the same figure are BHF calculations, by 
Jeukenne and by Von Geramb, Brleva and Rook (curves 4 and 
5, respectively in Fig. 6(a)). All these results suggest 
deviations of the real potential from the Woods-Saxon 
parameterization. In fact, if one looks at the real potential 
calculated in infinite nuclear matter (Fig. 6(b)) by 
1.3 
non-relativistic BHF methods (due to Mahaux and Brieva and 
14 15 
Rook ) or variational methods (due to Pandharipande ) or a 
recent calculation by Shakin in the relativistic Dirac 
Hartree-Fock framework, one sees in all cases that at lower 
energies the potential in nuclear matter at full density p is 
more attractive than at half of its value. At higher energies 
(above 200 MeV), on the other hand, the inverse is true so 
that the potential at high nuclear density becomes repulsive 
long before it becomes repulsive at a lower density. If one 
employs these nuclear matter results in a local density 
approximation and calculates the radial potential distribution 
for a finite nucleus, one comes up with the curves in Fig. 
6(c) which of course, are non Woods-saxon but illustrate 
11 
correctly the dominant gross features of the nuclear 
potential, namely that above 200 MeV the interior of the 
nucleus becomes repulsive while the tail region remains 
attractive up to 600 or 700 MeV. 
In order to see what can be done in terms of 
relatively simple modifications or extensions of the standard 
phenomenological approach to mock up these microscopically 
based, non-Woods-Saxon potential form factors we may, for 
example, add to the conventional attractive Woods-Saxon form 
factor, a repulsive Woods-Saxon term of different geometry, 
or a Woods-Saxon-squared term, depending on one's choice: 
U^(r) = V^f(r) - V2r ^-^S^^y^ . n = 1 or 2, 
then there are six parameters to vary to define the real 
central potential and so one can have a variety of shapes as 
is shown in Fig. 6(d) which not only resemble the microscopic 
potential shapes very nicely but have the advantage of simple 
mathematical representation. As illustrated in Fig. 7(a), at 
energies below 200 MeV or so the available data do not 
differentiate very well between a Woods-Saxon form (dashed 
curves) or a non-Woods-Saxon shape (solid curve). Thus, in 
this energy region a serious optical potential shape ambiguity 
lies, which can be resolved only with additional high-momentum 
transfer data. If, however, one goes to energies of several 
hundred MeV, clearly superior fits to the data, can be 
28 
obtained with the above modification of the Woods-Saxon 
parameterization. This is illustrated in Fig. 7(b) for Ca at 
400 MeV where the simple Woods-Saxon form factor fails to give 
a satisfactory representation of the data (cf. Fig.5); with an 
additional repulsive Woods-Saxon-squared term, for example, 
one obtains reasonably good fits, shown here. The potentials 
corresponding to the fits shown in Fig. 7(a) and 7(b) are 
presented in Fig. 7(c). Even after this modification the 
standard optical model fails badly to account for recent 
proton-nucleus elastic scattering spin-observables data at 500 
MeV. 
2.4.1 Breakdown of Standard Optical Model 
At 200 MeV the conventional optical model fits the 
40 
experimental data including spin-rotation function for p + Ca 
quite well . 
The breakdown of the non-relativistic optical model 
is observed at 500 MeV. It is interesting to note that 500 MeV 
40 
p + Ca data pose a serious problem to non-relativistic 
approaches. Although in the standard SchrOdinger equation the 
IB twelve parameter optical model treatment of a(0) and A (©) 
y 
data produces reasonable results, yet the predicted Q(0) 
values are in considerable disagreement with experiment. It 
was thought that the deficiencies observed at 500 MeV might be 
overcome by including Pauli blocking and other medium 
2S 
effects ~ . However, as discussed below inclusion of these 
effects do not emprove the situation in anyway. 
Phenomenological investigations of the non-relativistic 
22 
proton-nucleus effective interaction at 500 MeV and 
23 
preliminary non-relativistic Pauli blocking calculations, 
above pion production threshold suggest that medium 
modifications in the non-relativistic scattering model are 
small around 500 MeV. 
At the upper end of the intermediate-energy region, 
the performance of conventional phenomenological optical 
potential becomes quite reasonable. This is evident from the 
fact that the experimental results at 800 MeV are very well 
reproduced for p + Ca, Sn and Pb. It is only in the 
12 
case of C that some difficulties have been observed in 
obtaining reasonable fits to the data (Fig.8). 
2.5 Non-Relatlvistlc Microscopic Models 
Traditionally, non-relativistic microscopic models 
have been used to describe intermediate energy proton-nucleus 
elastic scattering through use of SchrOdinger equation 
formalisms which include relativistic kinematics. Examples are 
the multiple scattering series of Watson and Kerman, McManus 
and Thaler (KMT) , the multiple diffraction theory of 
Glauber and the Bethe-Goldstone self energy approach***. Such 
approaches have met with considerable success in reproducing 
3U 
proton-nucleus data at low and high energies. For instance, 
non-relativistic models with Pauli blocking and binding energy 
effects included in intermediate projectile-target-nucleon 
scattering states (i.e., medium effects) lead to good 
description of proton-nucleus data at energies less than 300 
MeV (Refs. 20, 21.) On the other hand non-relativistic 
impulse approximation (NRIA) models which do not account for 
nuclear medium effects are reasonably successful at higher 
energies (E ^  800 MeV) when second order terms (i.e., those 
accounting for target nucleon corrections) and electromagnetic 
21 27 
spin-orbit correction are included ' . Thus, until a few 
years ago, it seemed that accurate, parameter free 
descriptions of proton-nucleus elastic and non-elastic 
scattering observables would eventually be achieved through 
use of traditional non-relativistic approaches. 
This view has now changed due to the inability of 
non-relativistie calculations to account for recent 
proton-nucleus elastic scattering data at 500 MeV, 
21. 28 20 
particularly the proton-nucleus spin-observables 
23 
Here, the general characteristics of the NRIA predictions 
include differential cross-section minima which are too deep 
28 
relative to the data , shown in Fig. 9(a). Forward angle 
analyzing power predictions which are much too smooth compared 
28 
to the rich structure of the data , (Fig. 9(b)), and 
theoretical spin-rotation functions which display too little 
structure and incorrect magnitudes in comparison with the 
31 
data"'^ *', (Fig.lO(a> and 10(b)). Further theoretical 
improvements in non-relativistic microscopic models proved 
fruitless. 
2.6 Conclusion 
The conventional non-relativistic optical model is a 
good tool for describing proton-nucleus elastic scattering 
observables at low and intermediate energies. However, it 
seriously fails in accounting for the spin-rotation function 
data at 500 MeV. This is true not only for the 
phenomenological potentials but also for the non-relativistic 
microscopic potentials. These failures of the non-relativistic 
approaches suggest that some new theoretical approch is needed 
to describe proton-nucleus . scattering at intermediate 
energies. Such a theoretical approach has perhaps been found 
at least at the phenomenological level, in the form of Dirac 
optical model which has been discussed in detail in the next 
chapter. 
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Fig. 7a. Data (Ref. 4) for p + **'Ca at 180 MeV. are compared 
with the standard phenonenological results obtained 
using Hoods-Saxon shape (dashed curve) or a non 
Woods-Saxon shape (solid curve) (Pef. 4). 
Fig. 7b. Fits of differential cross-section and analyzing 
power obtained at 400 MeV using Hoods-Saxon squared 
shape (Ref. 4). 
Fig. 7c. Potentials corresponding to the fits obtained in Fig. 
7a and b. 
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10 20 30 40 
Fig. 8. Angular distribution for the differential 
cross-section (a) and the analyzing power (b) obtained 
in optical model calculatins for the elastic 
scattering of 800 MeV proton from 
°^"Pb (Ref. 4). 
iz C, Ca, Sn and 
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Fig. 9a. KMT-IA fits (solid curves) to the 500 HeV data 
(Ref.21). Empirical fits are indicated by the dashed 
curves. 
Fig. 9b. Same as Fig. 9a, but analyzing powers. (Ref.21). 
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Fig. 10a. P and Q for elastic scattering of 497 MeV protons 
from Ca. The solid line corresponds to the 
calculation as referred in Ref. .The dashed curve 
was obtained by neglecting the magnetic moment 
interaction. The dash-dotted line correspond to the 
calculation with the Gaussian spin-orbit amplitude. 
(Ref.30). 
Fig. 10b. KMT-IA predictions (dashed curve) and empirical fit 
(solid curve) to the 500 HeV p + Ca spin rotation 
data (Ref. 21). 
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RELATIVISTIC OPTICAL MODEL 
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Introduction 
The importance of relativistic effects in nuclear 
physics has been a question of considerable uncertainty. 
Naively looking, the comparison of the relevant velocity to 
that of the velocity of light C~^) indicates that the 
relativistic effects should be small. The comparison rests on 
the assumption that the relevent mass is the free nucleon 
mass. In fact the effective nucleon mass inside the nucleus is 
less than it's free mass, then the relativistic kinematic 
effects could be much larger than the naive calculation would 
indicate. There are however more subtle aspects of relativity 
than the kinematic effects. The distinction between a Lorentz 
scalar and vector interactions is purely relativistic and it 
disappears in the non-relativistic limit. 
The significant difference between the relativistic 
and non-relativistic models originates in the former with the 
considerable strengths of certain components of the NN 
effective interaction. In Lorentz invariant form these 
strengths are comparable in magnitude to the nucleon mass ' , 
and the strong potential can permit scattering of the 
projectile into virtual negative energy states (a 
characteristic feature of the relativistic theories) to make 
sizable contributions to the elastic scattering process. The 
importance of virtual negative energy states depends on the 
differences between the vector and scalar potentials which are 
4/ 
related, in non-relativistic language, to the spin-orbit 
coupling strength . Since the Schrodinger equivalent Dirac 
2 
optical potential contains significant density squared (p ) 
terms which represent the contributions of intermediate 
negative energy states of the projectile, the success of the 
non-relativistic approaches at higher energies is presumably 
due to the relative weakness of the spin-orbit coupling and to 
the dominance of the spin independent absorptive part of the 
optical potential. The proton-nucleus distorted wave function 
is depleted in the high density regions of the nucleus, and 
2 
the relativistic dynamics (i.e., the p terms in the 
Schrodinger equivalent potential) are suppressed . At 
energies near 500 MeV it seems that the spin dependence is 
dominant relative to the spin-independent absorption and the 
7 B 
success of relativistic descriptions' of the data indicates 
the need for inclusion of relativistic dynamics in medium 
energy proton-nucleus scattering. 
In this chapter we describe Dirac phenomenology and 
discuss some of it's applications. 
In section 3.1, we give a brief historical account 
of Dirac's relativistic approach as applied to nuclear 
scattering problems. In sects. 3.2 and 3.3 we have discussed 
the most general Dirac equation and it's reduction to 
equivalent Schrodinger equation, respectively. Sect. 3.4 
contains the description of the folding model. Dirac 
4S 
phenominology is briefly given in sect. 3.5. A detailed 
comparison between the Schrodinger and the Dirac 
phenomenologies is made in sect. 3.6 followed by some 
concluding remarks in sect. 3.7. 
3.1 Brief Historical Review 
In 1970s, a new relativistic alternative to the 
usual non-relativistic Schrodinger phenomenology was developed 
by B. C. Clark and co-works to describe proton-nucleus 
elastic scattering experiments at intermediate energies. Later 
it became known as Dirac phenomenology. 
Strictly speaking it was in 1936 that Fury 
observed that if U is a Lorentz scalar and U a vector 
9 V 
nucleon-nucleus potential and that the nucleon dynamics is 
governed by the Dirac equation, then the binding is determined 
by the sum of the interactions (U + U ) and the spin-orbit 
8 V 
intraction by the difference (U - U ). Later in 1956, Duerr 
8 V 
exploited this point to construct a relativistic theory of 
nuclear matter. He was able to predict the correct magnitude 
of the nuclear spin-orbit splitting and compute the optical 
potential for particle and anti-particle scattering from a 
nucleus. However his work predated the discovery of heavy 
mesons, which are now thought to play an important role in 
the description of nuclei, and so was not widely applied. It 
is now generally recognized that the Dirac equation is a 
/ 9 
viable alternative to the usual Schrodinger equation approach 
for analyzing nucleon-nucleus scattering data. 
In fact, the first use of the Dirac equation in 
analyzing proton-nucleus elastic scattering suffered from the 
12 
lack of spin-observables . It was found that either Lorentz 
scalar or Lorentz four-vector optical potential could be used 
to fit the data. This situation changed completely when p + He 
elastic cross-section (a) and analyzing power (A ) 
experiments were performed at the Zero Gradient Synchroton 
(ZGS) . The availability of both o and A put a critical 
constraint on the Dirac approach. 
Later, it became clear, that there were two ways to 
proceed. One, which more nearly resembled the non-relativistic 
approach, involved introducing a tensor optical potential 
which, in the second order Dirac equation, produces a 
spin-orbit term. The tensor in combination with either a 
Lorentz scalar or a Lorentz vector potential would then form 
the basis of the model. The second approach, which was 
motivated by meson exchange models of the nucleon-nucleon 
force, was to use large canceling Lorentz scalar and vector 
potentials to obtain the required spin-orbit enhancement. This 
is the second approach that will be followed in this work 
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3.2 The Most General Dirac Equation 
The most general time-independent local Dirac 
equation may be written a s ( i n h = c = l ) . 
a.? +nrm + U (r) + r^li (r) + j^ 'u (r) +r^r^U (r) 
L 8 v^ ps a^ 
KM + ix'^ '^u (r)U v(r) = E V (r), (3.1) 
-* A US UV 
where o», p, r , r and tr"^  are the usual 4x4 Dirac matrices. 
The potential subscripts s, v, ps, a and t represent scalar, 
vector, pseudoscalar, axial vector and tensor interactions 
respectively. The r and P are the co-ordinate and momentum 
operators, respectively, E is the nucleon total energy, ^' the 
nucleon wave function and m is the nucleon rest mass. 
The usual spherical shell model assumptions of good 
parity and good angular momentum for the single-nucleon states 
are adopted. This reduces our requirement that each potential 
term in Eq. (3.1) must commute with the relativistic parity 
and total angular momentum operators, 
P = r"" P^^, (3.2) 
and, 
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H = r X 
h 
+ — 
2 
a 
0 
(3.3) 
The operator ?^,„ in Eq. (3.2) is the usual non-relativistic 
parity operator whose operation upon a function of 
co-ordinates changes r to -r. The matrix I in Eq. (3.3) is the 
2x2 identity matrix and a is the 2x2 Pauli spin matrix. The 
requirement that J and P commute with each term of the 
Hamiltonian in Eq. (3.1) introduces simplifying restrictions 
upon the interactions in Eq. (3.1). These restrictions are 
most simply obtained by introducing the spherical co-ordinate 
form for the orbital angular momentum operator, 
X ? = -ih J u u — [, 
[ ^ ee Sin© ^0 J 
(3.4) 
and the Pau l i spin ma t r ix . 
a=U 
Cos0 Sin© e -i<pi 
Sin© e ' ' ^ -Cos© 
+ U, © 
-Sin© Cos© e -ti 
Cos© e'"*^ Sin© 
+ U 
<P 
l e i<P 
- e 
i01 
( 3 . 5 ) 
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The U , U^ and U. are the unit vectors in the r, 9 and 0 
directions, respectively. Application of these restrictions to 
the scalar term in the Hamiltonian merely requires that the 
function U be independent of angle as expected. The 
8 
construction of the vector potential may be expressed as, 
r^ U^(?) = r** U^(r) - r . 0^(r). (3.6) 
The ^ and P restrictions for the U part of the vector 
V 
interaction are exactly the same as for U , that it be 
independent of the angle. These two radial potentials U (r) 
and U (r) are usually the only interactions which are 
considered as possible potentials for the rotationally 
invariant Dirac Hamiltonian. Analysis of the space-like part 
of the vector interaction shows that it too can have a 
rotationally invariant contribution to the Dirac Hamiltonian 
provided, 
i3^ (r) = u^  U^(r), (3.7) 
where, U (r) is an angular independent radial component of the 
vector interaction. The ^  and P restrictions require that U 
ps 
and all components of U be zero. The contraction of the 
tensor potential may be expressed as follows. 
Y r — Y Y 
tJ*"" U^  (r) = U (r). 
(1 <l^=0 
j=l 
r r 
U^  (r). 
y^vzo 
U^  (r) - U^  (r) 
oj Jo J 
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j <k=l 
Z' f 
U^  (?) - U^  (r) 
(3.8) 
The J and i* restrictions nay be shown to require that the 
second sum on the right-hand side of Eq. (3.8) be zero. The 
remaining term in Eq. (3.8) may be expressed as, 
rMl' U^  (r) = -r** ? . 0^(?), (3.9) 
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where the contravariant components of 0 are. 
[ 0^(r) ] -- i-' [u°^ (?) - U;° (?) ]. (3.10) 
The intraction in Eq. (3.9) can contribute to the rotationally 
symmetric parity conserving Dirac Hamiltonian provided 
(J^(?) = G^ U[ (r), (3.11) 
where U (r) is an angle independent radial tensor interaction. 
Thus the most general Dirac equation which is 
consistent with good J , J , and ? is, 
a.^ + pr m + U ] - r E - U° - V ] - P ^ ".r U' + 
. ) ' 
i cx . r f3U. y V (r)= 0, (3.12) 
where V is the Coulomb potential. 
c 
00 
3.3 Equivalent Schrddlnger Equation 
Eq. (3.12) nay be written as the two coupled 
equations for the upper (V,,) and the lower (v ) components of 
V. Solving for v in terns of v, gives. 
where 
V, 
^ (E + n)A(r) 
o . p - (o . r )U^+ i(a . r )U^ % • 
(3.13) 
A(r) = 
C n + U + E - U - V ) 
S V C 
( E + n ) 
(3.14) 
The equation for V^Cr) is. 
where 
[CE - \ - U ^ ' C"^  * ^B^- Q(r)]vu<r) = 0. (3.15) 
Q(r) = A(r) {a . p) - [5 . OU: - tp . OU, 
A(r) 
p - p . ou:; . i(5 . ou^ (3.16) 
Carrying out the indicated algebra gives 
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CE - U°- V^  )^ - Cn - U )^  
r 1 a A U. T 2 
I — 2 - i |c3 . n) - -ct u; . u j 
• • r A d r r - * r 
A d r r 
1 d A 
rA d r 
U 1 
r •' 
V = 0 
u 
( 3 . 1 7 ) 
From Eq. (3.17) we see that the tensor term contributes both 
to the spin-orbit and the central terms. The 3-vector part of 
U"^  contributes to both the Darwin and the central terms. To 
V 
remove the first derivative terms, we let 
v„(r) = K (r) ^  (r). (3.18) 
with K(r) — • 1 as r — • oo. Direct substitution of Eq.(3.18) 
into Eq. (3.17) gives 
d 
d r 
1 r 1 d A -, 
R(r) = + 2i U"" R(r), 
2 L A d r ^^ 
(3.19) 
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or 
1 r »" 
— \\V < r > dr 
K(r) = A^  e (3.20) 
Using Eq. (3.19), we may write the Schrodinger equivalent 
equation as: 
2 2 U a A 
v^+ r E - u'' - V ] - r m + u ) - u^ + —^ 
- 2 - -
a 
d r 
3 1 ^ a A 
A^ l a . J 4 A "• a r 
d , , a A 
r" I + 
2 r A a r [^'Ti) d r 
a A 
r A a r 
- 2 ( a . n [ <t)(?) = 0 (3.21) 
Notice that the 3-vector part of the vector potential does not 
appear in Eq. (3.21). The tensor potential contributes in a 
complicated way to the central potential and also contributes 
to the spin-oribt term. In addition there are cross terms 
between U, and derivatives of U**, V and U . One may then 
define Schrodinger equivalent central, spin-orbit and Darwin 
58 
po ten t i a l s given by 
'«ff ~ 2 E 2 E U ^ + 2 m U - U ^ + U ^ - 2 V U + O 8 O a C O 
< * 
U. , d A ^ U. d U. 
A '^  d r -^  
+ 2 - ^ - + 
d r 
1 * / • , a A 
r^ I + 
3 ^ «> A ^ 2' 
,i»i.^ A r- J / l A ^ ^ A y' J 2r A d r ^ d r •' 4A ^ d r 
>, ( 3 . 2 2 ) 
Darwvn 2E 
1 d ^ d A ^ 3 ^ d k ^z 
/ — 1 + 2- - V ;% . J "*" >, A2 I >, . J 2 r A d r ' ^ d r - ' 4 A ^ S v 
( 3 . 2 3 ) 
s o 
1 
2E 
1 
r A 
'd A^  
+ 2- ( 3 . 2 4 ) 
for the Schrodinger equation in the form: 
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[ P^  + 2ECU^,, + "so ^  • ^ )]*<^) = [( E - VJ 
]<!>( - m" <t)(r) (3.25) 
3.4 Folding Optical Model 
The complex Lorentz scalar and vector potentials (U 
and U ) used in Eqs. (3.22), (3.23) and (3.24) are written 
as 
U (r) = V (r) f (r) + iW^  Sjr), 
8 8 8 8 8 
(3.26) 
U„(r) = V^(r) f^(r) + iW^  g^(r). (3.27) 
with the form factors chosen to be two-parameter Fermi-type 
-1 
function 1 + eL ' J . Further, the Lorentz scalar and 
15 
vector potentials are given by 
V^(r) = Re U^(r) =/ dr v^  (| r - r \yp^{v ), (3.28) 
V^(r) = Re U^(r) =| dr v^  [I r - r'|)p^(r' ), (3.29) 
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where v (r) and v (r) are regarded as effective interactions 
B O 
for point nucleons interacting via exchange of point mesons, 
P (r) and p (r) are respectively the scalar and vector s o 
densities; which are related to the point nucleon matter 
densities by 
.. » _fc " 
, - » " 
(3.30) 
where p.(r) is the structure profile and R = . p, (r) 
^ 2 ^ 
is taken to be a Gaussian with unit normalization and r.m.s. 
2 2 
radius < r. > = 0.8 fm as a measure of hadronic structure or 
b 
1 
finite size effects. The precise value of <r^ >^ is not 
critical as long as it lies in the range 0.7 — 0.9 fm hadron 
size. 
Next, the effective interactions are written 
v (r) = t^ f(H..r). (3.31) 
e 8 8 
v^(r) = t^ f{yi^,T), (3.32) 
where the form factor f(H ,r) is taken to be a Yukawa with 
unit normalization, and M is the mass parameter. The 
quantities t^  and t^ are the effective volume integrals per 
nucleon. 
61 
expression 
Further, the scalar density is calculated from the 
and 
where 
P3<r) 
I. • o -» 
P^(T^, 
vol 
P^(r) P^(r), 
vol 
(3.33a) 
(3.33b) 
0.91 < [-^1 < 0.98. 
vol 
(3.34) 
The scalar potential may be written 
\ (r) = t^ F( M^  , r ). (3.35) 
where the form factor 
-1 
F (H3 , r) = f-^l Jd?'fCH3 , I? -?'|)P,(r'). 
vol 
(3.36) 
is normalised to the nucleon number of the target. Using Eq. 
(3.33a) one can write 
FC >»« ' 0 = I dr fC H^  ,| r - r' |) p^(r' ), (3.37) 
6 
where »i is the mass of CJ meson f H = 550 MeV ) and 
t = - 3039 MeV fm^ , (Ref. 16). 
s 
The vector potential may be written in the form, 
V^ = t^ F(M^ , . r), (3.38) 
n 
where 
F {\y^,r) = J clr'f[H^ ,C|r - r|)] PQ^T) . (3.39) 
is a form factor normalized to the nucleon number of the 
target. Correspondig to the mass of w meson, M , is 7B0 MeV 
and t^ = 2321 MeV fm^, (Ref. 16). 
3.5 Some Features of Dirac phenomenology 
There are several features required of any optical 
model phenomenology. The optical potential should give good 
fits to the data, the number of parameters in it should be 
small, it's parameters should depend smoothly on the mass 
number and incident nucleon energy and it should make contact 
with theory. In case of Dirac phenomenology, Eq. (3.12) and 
Eqs. (3.22-3.24), indicate that at least one should consider 
U and U^ or U^ and U. or U and U. in order that the required 
S O O t 8 t 
central and spin-orbit potentials may be obtained. Generally a 
scalar-vector model (i.e., U and U ) ispreferred. Basically, 
8 O 
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application of these potentials i!3 motivated by conservation 
laws applied to the real, static potentials and by meson 
exchange consideration*^ of the two nucleon interaction. The 
potentials, U^<r) and U^(r), are the only ones which survive 
these constraints in the mean field approximation for 
scatteringby a spin-isospin zero target. Under these 
conditions Eqs. (3.22 - 3.24) take the form. 
• f f 2E 
2 E U + 2 m U - U ^ + U ^ - 2 V U„ 
O B O 9 C O 
1 1 d 
2 Ar a r  r^ a r -^  
0 ^ ^ 3 i ^ a A ^ 2 ' 
+ 
4 A ^ a r [jz] 
( 3 . 4 0 ) 
"so = 2 E 
a A 
r A a r 
( 3 . 4 1 ) 
Now one calculates these Dirac equivalent potentials, (U .. 
9 11 
and Ug^), given by Eqs. (3,40, 3.41) using complex vector and 
scalar potentials with Woods-Saxon forms. The parameters are 
all determined from a fit to the experimental data. Fig. 1 
shows tha scalar and vector potentials (U and U ) obtained 
from fitting the p + Ca data. The corresponding second order 
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Dirac equation central and spin-orbit potentials (U^ j^ and 
U ) are shown in Fig. 2. so 
The main advantage of the Dirac optical model is 
the emergence of spin-orbit potential in the reduction of 
Dirac equation into the equivalent Schrodinger equation. A 
number of macroscopic features of the Dirac equation optical 
model treatment using U (r) and U^(r) become explicit from 
such a reduction. These are: 
(i) The central potential has an explicit energy 
dependence. 
(ii) The central potential has a non-local Darwin term, 
(iii) Non-linear terms involving U , U^  and A(r) are 
8 O 
present. 
(iv) The spin-orbit potential occurs naturally. 
(v) The spin-orbit and the central potentials are 
constrained by the choice of U and U_ . 
s o 
(vi) A "Coulomb correction" term, U^ V , appears, (it 
O C 
is complex if U^  is complex), 
(vii) The real and imaginary parts of the optical potential 
are mixed through the U (r), U^(r) and A(r) terms. 
These considerations lead, in the case of the large attractive 
potential U (r) and large repulsive potential U (r), to 
8 O 
central and spin-orbit potentials of reasonable size. In 
addition, the real central potential exhibits a radial 
65 
dependence which changes with energy in a manner similar to 
the non-relativistic microscopic calculations . Similar 
effects are found from the analysis of large angle elastic 
scattering data ' . 
3.6 An Example of Dirac Phenomenology 
In this section we will describe applications of 
Dirac optical model to the analysis of p + Ca, Pb elastic 
scattering data in order to highlight it's usefulness in 
describing nuclear scattering at intermediate energies. We 
will also make a comparative study of the results of 
Schrodinger and Dirac phenomenologies. 
The Dirac phenomenology produces differential 
cross-sections very similar to those given by the Schrodinger 
phenomenology, for p + Ca and Pb elastic scattering over 
the intermediate energy range. Fits to the differential 
cross-section and analyzing power data, for p + Ca at 181.3 
MeV, obtained by relativistic phenomenological approach are 
shown in Fig. 3. Particularly striking is the agreement at 
large angles, though they are obtained with lesser number of 
free parameters (cf. Fig. 2(a)). In order to give an idea of 
the quality of fits obtained in different approaches we 
present in Fig. 4, a comparison of the differential 
cross-sections as given by the relativistic and 
non-relativistic phenomenological and as well as microscopic 
6b 
approaches for p + Ca and Pb at 500 HeV, and the 
corresponding experimental data. The solid curves correspond 
to the relativistic phenomenological analysis. The 
short-dashed curves are the results of the relativistic 
microscopic calculations, and the long-dashed curves 
corresponds to the non-relativistic microscopic calculations. 
It was found that the non-relativistic phenomenological 
analysis produces differential cross-sections very similar to 
those obtained with the relativistic phenomenological model 
and hence the corresponding curves are not shown in the above 
mentioned figures. 
Unlike the cross-section, the analyzing power is 
sensitive to the type of model applied to the phenomenological 
analysis. In Fig. 5 a comparison of the analyzing power data 
with the results of the relativistic (solid curve) and 
non-relativistic (dashed curve) phenomenological models for 
Ca and Pb, at 500 MeV, are given respectively. For P + 
Ca , the 500 MeV analyzing power data have become the 
standard "test case" for relativistic calculations. One can 
see in Fig. 5a that the differences between the relativistic 
and non-relativistic fits are significantly large, but become 
greater, particularly at larger angles, at 500 MeV. The 
differences are smaller at lower energies ~ . This is also, 
perhaps more clearly, illustrated in Fig. 5b for the p + Pb 
case. Although it is difficult to assess which fit is better 
at large angles because of large error bars in the 
67 
experimental data, one can see that at forward angles the 
relativistic fits follow the experimental data more closely 
than the non-relativistic ones. However, here as well as in 
the Ca case, both models fail to reproduce, at some 
energies, some of the finer details of A in the angular range 
covering the forward maxima. 
With regard to the spin-rotation function ,Q, the 
differences between the relativistic and non-relativistic 
model predictions increase with increasing energy but again 
start decreasing after 600 MeV. In Fig. 6 we show the results 
40 
for Q for p + Ca scattering at 497.5 MeV. In this case a 
comparison, of Schrcidinger (dashed line) and Dirac (solid 
line) optical model calculations, where both employ two 
parameter Fermi shape (or derivative Fermi shape) for the 
geometries, clearly shows the inability of the Schrodinger 
phenomenology as compared to the Dirac approach. 
The Dirac phenomenology give excellent fits to the 
data for the complete set, cross-section, analyzing power and 
spin-rotation function, for p + Ca at 497.5 MeV, Fig. 7, with 
fewer parameters (i.e., two scaling parameters of real parts 
of scalar and vector potentials and the six parameters 
determining the imaginary parts of the optical potentials ). A 
similar analysis with eight free parameters have been carried 
out at 800 MeV for p + 0, Ca, Ca, and Zr, using Dirac 
phenomenology. Excellent fits to the data have been obtained. 
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shown in Figs. 8,9. The consistency of the results at higher 
energies with results from the previous analyses leads us to 
believe that the Dirac potentials in the energy region of 160 
to 800 MeV are much better determined. 
3.7 Concluding Remark 
The results of Dirac phenomenology as applied to the 
nuclear optical model treatment of elastic scattering show 
promise. And the relative success of the Dirac phenomenology 
seems to be due to the relativistic formulation itself. It 
thus appears that the Dirac phenomenology can play a useful 
role in the relativistic description of nuclei. 
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Fig. 1. Real and imaginary vector and scalar potentials 
obtained from 12-parameter scalar-vector fits to the 
data Ref. 23. 
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Fig. 2. Real and imaginary central and spin-orbit potentials 
corresponding to the potentials of Fig. 1. 
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*o. Fig. 3. Elastic p + '"Ca cross section and analyzing power at 
181 MeV. The smooth curves are the results of the 
relativistic optical model analysis described in the 
text (Ref. 16). 
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*o. cross-section for p + "Ca (a) and 
p + ~"Pb (b) elastic scattering at 500 MeV. The solid 
curves represent the phenomenological potential 
calculations, the short-dashed curves the relativistic 
microscopic calculations and the long-dashed curvs the 
non-relativistic nicroscopic calculations (Ref. 20) 
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Fig. 9. The analyzing power for p + Ca (a) and p + Pb <b) 
elastic scattering at 500 HeV. The solid curves 
represent the relativistic phenomenological 
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non-relativistic phenomenological calculations (Ref. 
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Chapter IV 
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p • ca ELASTIC SCATTERING AT 135 — 800 Mev 
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Introduction 
In the previous chapter we have briefly discussed Dirac 
optical model phenonenology as developed and studied by B. 
C.Clark and co-workers. Specifically we have highlighted that 
the Dirac approach has distinct advantage over the Schrttdinger 
approach for three main reasons. First, it gives the 
spin-orbit interaction in a rather natural way. Second, it 
accounts for the development of a repulsive core in the 
Schrodinger equivalent real central potential above about 
181.0 MeV, and last it satisfactorily explains the 
spin-observales. 
However, since the work of Clark and her co-workers was 
mostly of preliminary nature, they used two parameter Fermi 
densities for the target nuclei and further, they also assumed 
neutron and proton density distributions to be the same. It is 
now well known that the two parameter Fermi density 
distribution are deficient specifically in accounting for the 
high momentum transfer behaviour of the nuclear form factors. 
Therefore, it is desirable to undertake an extensive study of 
the Dirac phenomenology using more realistic target densities 
as obtained from various studies. In this chapter we have 
mainly studied the dependence of the various scattering 
observables (i.e., differential cross-section, analyzing power 
and spin-rotation function) on the assumed form for the target 
density over a wide range of energies. The justification for 
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undertaking this study steins from the fact that Schrodinger 
equivalent potential which determine scattering observables 
appears to depend rather sensitively on the energy and the 
radial forms for the scalar and vector potentials and hence on 
the target density distribution. Thus it is of interest to 
make an extensive study of the dependence of Schrodinger 
equivalent potentials on the density distribution for target 
nuclei as well as the incident nucleon energy. 
Considering the case of p + Ca elastic scattering in 
the energy range 130—800 MeV we find that at lower energies 
(135—160 MeV) the nuclear densities as obtained by Igo (IGO) 
and Negele^ (NEG) give better results. Whereas at 181.3, 200, 
300, 400, 500 and 800 MeV the experimental data seem to prefer 
the densities as obtained by L. Ray (LRAY) and Chauraeaux et 
al., (CHMX). In fact the Ray densities and the Chaumeaux 
densities both are almost equally good at all energies 
considered here. Further, the total chi-square per degree of 
freedom ix /DF) shows that if the Negele (NEG) densities are 
folded over the proton size then it gives reasonably good 
•results at 400 and 500 MeV. The shell model' (SMD) and 
Hartree Fock (HFD) densities give quite bad results at lower 
energies i.e., at 135 MeV to 200 MeV as compared to the use of 
empirical densities' Results calculated with these 
densities further worsten at 400, 500 and 800 MeV. Overall the 
SMD ' densities give slightly better agreement as compared 
to HFD densities resulting in smaller ;t^ /DF at all energies 
82 
considered here except at 400 HeV and 800 MeV. 
Our analysis also shows that the so called, relativistic 
characteristic signatures very much depend on the nuclear 
ground state densities used in the calculations. The contents 
of this chapter are as follows: 
In sect. 1 we have briefly discussed the nuclear ground 
40 
state densities for Ca. In sect. 2 a description of the 
calculation of real parts of vector and scalar potentials, 
which are used in Dirac equation, is given. A detailed 
analysis of the data is presented in sect. 3. In sect. 4 the 
radial dependence of the Schrodinger equivalent potential has 
been studied. Finally, the concluding remarks are presented in 
sect. 5. 
4.1 Ground State Etenslty of the Target 
Since one of our objectives is to study the dependence of 
the Schrodinger equivalent potentials and the calculated 
scattering observables on the density of the target nucleus. 
We have used seven different types of ground state densities 
available in the literature. These are: 
i) The ground state densities as obtained by L. Ray ** from 
the simultaneous analysis of electron scattering and 800 
8. 
MeV proton scattering experiments. We call them LRAY 
densities. 
ii) Shell model densities^ ''** (SMD). 
iii) Hartree Fock densities (HFD).. 
iv) The ground state densities as obtained by Igo to be 
called IGO densities. In this case proton densities are 
obtained from electron scttering and the neutron 
densities are obtained by fitting the differential 
cross-section and polarization data simultaneously at 
800 MeV using KMT theory". 
v) The ground state densities as obtained by Chaumeaux et. 
7 
al ., denoted as CHHX. These are obtained in the same 
manner as IGO densities with the difference that 
Chaumeaux et al., used available 1 GeV proton 
scattering observables instead of 800 MeV and 
correlation effects are also considered . 
2 
vi) Negele densities (NEG). These are the microscopic 
densities in which proton and neutron densities are 
taken to be equal. 
vii) Folded Negele densities (FNEG). These are the same 
densities as NEG but are folded over the nucleon finite 
8 
Size . 
The above mentioned matter densities are shown in Fig.l 
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4.2 Dirac Scalar and Vector Potentials 
A detailed description of the calculation of scalar and 
vector potentials, in Dirac phenomenology has already been 
given in sect. 3.4 of chapter III, Therefore, here we give 
only a very brief account of calculations. 
The optical potentials considered here consists of two 
parts: scalar potential* U which transforms as a Lorentz 
8 
scalar and the vector potential U which transforms as the 
time-like component of a Lorentz four vector. These potentials 
and the Coulomb potential V are used in the Dirac equation, 
as discussed in chapter III (Eqs. 3.40 and 3.41). The 
potential U may be identified with the field of the neutral 
vector w meson with a mass of 783 MeV, while U may be 
8 
identified with a neutral scalar field arising from two-pion 
exchange processes. The later is often simulated by a neutral 
scalar meson with a mass of about 500 MeV. We construct the 
real parts of scalar and vector potentials along traditional 
19 
lines of non-relativistic theory . In the mean field 
approximation, they take the standard folding form (Eqs. 3.28 
and 3.29, chapter III). 
Thus the scalar and vector optical potentials are: 
8C" 
o^pi ^  ^ e u'^ '^Cr) + i \' W (r). (4.1) 
8 R 8 X 9 
V r ' = ^ R U7'(r) -^  t x; W^Cr). (4.2) 
Where \^. X*, X^ and X^ are the strength parameters. The 
R I R I 
radial dependence of real optical potentials is fixed by the 
folding model . In the present analysis we have calculated 
these scalar and vector potentials for different nuclear 
ground state densities as discussed earlier. The radial 
dependence of the real parts have been obtained by the folding 
model calculation. This treatment i.e., when only the strength 
parameters of the calculated potentials are treated as free 
parameters establishes a relationship between the 
phenomenology and the mean field theory. The imaginary 
potentials W (r) and W (r) used here are obtained 
8 O 
phenomenologically" at 181.3 MeV (Rpf.Q), 200 HeV. 300 MeV. 
400 MeV and 500 MeV. The potentials W^ and W^ as obtained for 
181.3 MeV are also used" for 135 MeV and 160 MeV and the ones 
for 500 MeV are used for 800 MeV p + Ca elastic 
scattering . 
Various potentials as discussed above have been 
multiplied with the normalization factors X X , X^, and X^ 
to be collectively called as X The values of these 
o 
normalization constants have been obtained by x /DF 
minimization. The scaling parameters obtained by fitting 
procedure, shows the sensitivity of scalar and vector 
8£ 
potentials to the density used. The ideal answer for the 
values of the scaling factor would be 1.0. 
4.3 Analysis of the Scattering Data 
The optical potential as obtained above has been used to 
analyze the p + Ca elastic scattering data over a wide range 
of energies as described in this section. In particular we 
vary the strength parameters X's to fit the differential 
cross-section, analyzing power and spin-rotation function 
15—17 
simultaneously wherever complete data set were available. 
The results are presented in Figs. 2-19. First we will 
describe, in subsection 4.3.1, the results for the 
differential cross-sections as obtained with various densities 
shown in Figs. 2 & 3. In 4.3.2 we discuss analyzing power as 
obtained with the same form of densities (Figs. 4 to 13). 
Finally we describe the results for the spin-rotation function 
as illustrated in Figs. 14 to 19 in subsection 4.3.3. 
In figures, (2-19), we show phenomenologically calculated 
results with different forms of nuclear ground state densities 
at each energy considered here. All other informations such as 
the values of scaling parameters, \, chi-square per degree of 
freedom (x /D¥) for the differential cross-section, analyzing 
power and spin-rotation function and total x /DF are given in 
the tables 1 to 11. 
8' 
4.3.1 P + **'Ca Elastic Scattering Differential Cross-Section 
Results for the differential cross-section with different 
nuclear ground state densities, as obtained for p + Ca 
elastic scattering at 135 to 800 HeV, are compared with the 
available data in Figs. 2 and 3. Results obtained with 
all the densities , considered here except the SMD ' and 
HFD , reproduce the angular distribution of differential 
cross-section quite well at all energies. The curves with the 
SMD and the HFD generally underestimates the cross-section in 
the region of the first minima and overestimates the data at 
larger angles almost at all energies. Surprisingly, the 
P lO 
results become worst with SMD ' at 400 MeV. The predictions 
at this energy does not reproduce experimental data even 
qualitatively, (Fig. 3). 
The differential cross-sections obtained using 
and CHMX densities always give smaller values for the x /DF 
of differential cross-section and hence follow the 
experimental data points more closely. Among the energies 
considered here, the fitting of differential cross-section at 
200 MeV is rather poor for all the densities as compared with 
other energies, (Figs. 2 & 3 and tables 1-11). The 
disagreement is mainly at intermediate and large angles. 
8S 
The inclusion of spin-rotation function data in the 
fitting at 200, 500 and 800 MeV for p + **°Ca elastic 
scattering does not have any significant effect on the 
differential cross-section (Note the values of x /DF for 
differential cross-section given in tables 4,7,8 and 9,10,11). 
In view of above we may say that the angular 
distributions predicted by our relativistic analysis is in 
good agreement with data, both qualitatively and 
quantitatively at all energies and corresponding to all 
densities considered here with a few exceptions. Particularly, 
the use of LRAi ** and CHMX densities gives reasonably good 
results for the differential cross-sections at 181.3 to 800 
MeV. IGO* and NEG^ densities give better results at 135 and 
160 MeV (shown in tables 1 to 11, see x^/DF for differential 
cross-section), 
The good description of the overall slopes of the 
cross-section envelopes and angular positions of the 
diffractive maxima and minima found in our analysis, 
irrespective of the densities used in the calculations (shown 
in Figs. 2 and 3) shows that the shape of the Dirac optical 
potential is fairly energy independent. This is in contrast to 
the Schrodinger optical model phenomenology, as discussed in 
earlier chapters. This is the characteristic of the Dirac 
optical model. Slight deterioration of the fits at larger 
angles (Figs. 2,3) can be attributed partly to the fact that 
8 c 
we have constrained the real geometrical shape parameters of 
the relativistic scalar and vector potentials, (see the 
description of the calculations). We find that at forward 
angles the relativistic fits follow the experimental data 
closely, for all densities used. However the use of 
densities, SMD ' and HFD for p + Ca elastic scattering, 
fails to reproduce some of the finer details of differntial 
scattering cross-section and analyzing power data in the 
angular range covering the forward maxima (Figs. 2,3). 
4.3.2 Analyzing Power 
The results of our calculation using different densities 
for analyzing power at 160, 181.3, 200, 300, 400, 500 and 800 
MeV are shown in Figures. 4 to 10. Unlike the cross-section, 
the analyzing power seems to be more sensitive to the density 
40 
distribution used. At 180, 181.3 and 200 MeV for p + Ca, 
there are noticeable discrepancies between the predictions and 
the experimental data. Further, the disagreement increases 
with increasing angles and becomes quite prominent at large 
angles. However, the qualitative structures of analyzing power 
data are reasonably well reproduced at 160 and 181.3 MeV 
except at 200 MeV, where even the qualitative structure is not 
reproduced with any of the densities ~ . At 200 MeV the 
first peak of the analyzing power is underestimated when 
LRAY^ ** and CHMX^ densities are used. Only with IGO* density 
we are able to get reasonable agreement (shown in Fig.6). None 
30 
of the densities used in the present work give 
satisfactory results at 300 MeV. At this energy the 
predictions are shifted towards higher angles in the forward 
angle region. After 13 , all the peaks are shifted towards 
lower angles as compared to the data. The difference between 
analyzing powers calculated with different nuclear ground 
state densities and experiment, is not too large 
throughout the angular range. Still it may be said that the 
predictions of the analyzing power data corresponding to 
LRA/"**. CHMX', IGO* and FHEG" are good as far as the A:^/DF is 
concerned (table 5). The minima at intermediate and large 
angles are not reproduced with any of the densities at this 
energy (Fig. 7). Results at 400 MeV and 500 MeV corresponding 
to all densities except the SMD and HFD show a satisfactory 
fit to data for p + Ca scattering throughout the angular 
range (see Figs. 4 to 10). Figures 3 and 8 show that the use 
of SMD and HFD densities give poor agreement with the data at 
400 MeV. Comparing the xf DF at 400 MeV (table 6), we 
arrange the densities in decreasing order of agreement as 
follows. 
LRAY'"**, CHMX', FNEG®, IGOS NEG^ and HFD" 
Similarly at 500 MeV the densities 
LRAY^ '**, CHMX^, FNEG®, IGO*. NEG^, SMD**'**" and HFD 11 
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give X/^Y in increasing order. Thus SMD**'*** and HFD" 
densities give poor results. They do not reproduce the data 
even qualitatively (Fig. 9 and table 7). The situation at 800 
HeV for p + ***Ca is very different (Fig. 10, table 8). All 
1—11 
densities yield results which over-estimate the first peak 
placed at 9.5 . The data at very forward angles is fairly well 
reproduced by the curves obtained with LRAY^ , CHMX , IGO , 
2 8 
NEG and FNEG . The agreement deteriorate at larger angles. 
The situation at moderate angles is satisfactory. In 
increasing order of x /DF the densities may be arranged as 
follows: 
IGO\ NEG^. HFD", LRAY^"", CHMX'', FNEG^ and SMD**'*". 
Thus at 800 MeV IGO* density gives the best results. Overall 
it is found that the large differences between the results of 
analyzing power obtained with different forms of densities 
at large angles, diminish with increasing energy for p + Ca 
elastic scattering. But at these energies it is difficult to 
assess which fit is better at large angles because of large 
error bars in the experimental data (Figs. 7,8,9). 
Considering the differential elastic scattering 
cross-section as well as the analyzing power data it may be 
said that 200-300 MeV energy region appears to be quite 
difficult to fit. None of the densities considered here" 
give results which reproduce the data even qualitatively at 
9 n 
large angles. This feature has made the region quite 
interesting. We believe that the failure is due to (among 
other things) ambiguities in the relativistic form of the NN 
interaction used and the neglect of medium modifications and 
Pauli blocking. The disagreement of analyzing power and 
differential cross-section diminishes with increasing energy 
(Figs. 2 to 10). This indicates that even at large momentum 
transfer the high energy scattering observables are not likely 
to be significantly influenced by the uncertainties which 
effect them at low energies. 
4*3.3 Spin-rotation Function 
We have also analyzed the available data of spin rotation 
function for proton elastic scattering from Ca at 200, 500 
and 800 MeV. Results with all densities" reproduce the data 
qualitatively well at 200 MeV. At this energy, data is very 
1 2 7 
well reproduced particularly when IGO , NEG , CHMX and 
LRAi densities are used in the calculations (as shown in 
Fig. 14 and table 9). Results with SMD ' reproduce the data 
at forward angles quite well but underestimate the first peak 
of the data. The predictions with HFD and FNEG are quite 
bad. 
At 500 MeV, our results show that except for HFD the 
O to 7 1 fl 
data are reproduced quite well. SMD . NEG, IGO , FNEG, 
LRAi and CHMX are the densities placed in order of 
decreasing ;^ /^t)F (as shown in Fig. 15 and table 10) 
The situation at 800 MeV is again not encouraging. Only 
the curve with LRAi and CHMX densities lie somewhat close 
to the experimental data of spin rotation function (Fig. 16). 
Looking at the x /OF of the spin-rotation function given in 
table 11, it is clear that all densities give poor results 
except the LRAY^ ~ and CHMX . It is the inclusion of the 
spin-rotation function data in the fitting which brought the 
curve, obtained with CHMX densities, closer to the 
experimental data points. Otherwise it does not even reproduce 
the data qualitaively (as shown in Figs. 16 and 19). 
Spin-rotation function obtained from the fitting of 
differential cross-section and analyzing power with IGO 
densities, reproduce the data qualitatively well at 200 MeV 
and with LRAY^ '* and FNEG" densities at 800 MeV (as shown in 
Figs. 17 and 19). Whereas the spin-rotation function obtained 
as above with each density reproduce the data 
qualitatively well at 500 MeV for p + Ca elastic scattering 
(as shown in Fig. 18). 
In the analysis discussed above we find that the 
spin-observables are more sensitive to the target densities 
than the differential cross-section at all energies. 
The inclusion of the spin-rotation function data in the 
A:/t)F minimization improves the fitting of analyzing power. 
for all densities except IGO, throughout the angular range, 
though the x /DF for differential cross-section becomes 
slightly larger at 200.0 MeV (shown in Figs. 6 & 11 and tables 
4 & 9). However, spin observables are reasonably well 
reproduced with 160 densities (Figs.6 & 17) even when 
spin-rotation function is not included in x -minimization. 
Though the relativistic characteristic for spin-rotation 
function obtained in such a way is that it should represent 
the data adequately but it happens only when IGO densities are 
used at 200 MeV in the calculations. None of the other 
densities represent the data enen qualitatively (as shown in 
Fig. 17). We find a similar situation at 800 MeV where 
spin-rotation function obtained with an d FNEG 
densities represent the data qualitatively well even when it 
is not included in the minimization (Fig. 19). Whereas on the 
other hand at 500 MeV it is possible with this analysis to 
predict the spin-rotation function, obtained with all 
densities considered here, qualitatively well even if it 
is derived solely from fitting of differential cross-section 
and analyzing power data (shown in Fig. 18). 
This indicates that the Dirac optical potential is not 
uniquely determined by the differential cross-section and 
analyzing power data alone. The predictions of spin-rotation 
function depends quite sensitively on projectile energy as 
well as on the target density used. Thus we may conclude that, 
specially in the transition region (upto about 300 MeV) one 
3Z 
should include the spin-rotation function data also to 
obtain a more reliable optical potential. 
As expected the different prescriptions of nuclear 
densities have essentially no major effect (shown in Figs. 
2-19) on the calculated scattering observables at forward 
angles, throughout the energy range. However, the model 
dependence of the nuclear density introduces uncertainties in 
the scattering observables which increase significantly with 
increasing momentum transfer particularly at 135, 160, 181.3 
and 200 MeV. These ambiguities are always expected to be more 
important than off-shell, non-locality effects etc. From this 
we conclude that efforts should be made to understand the 
large momentum transfer component of nuclear densities. 
At 800 MeV the situation is slightly ambiguous. The 
17 
imaginary parts of scalar and vector potentials used at this 
energy are the ones obtained at 500 MeV, hence it is not 
proper to infer much about the quality of density 
distributions used. 
The predictions of scattering observables for P + Ca 
a 
elastic scattering with FNEG densities are better in 
2 
comparison of those with NEG densities in the transition 
energy region (i.e., from 181.3—300 MeV, Figs. 5,6 and 7 and 
tables 3,4 and 5). They become much better at 400 and 500 MeV 
(Figs. 8,9 and tables 6,7). While the results with FNEG" 
densities are much inferior than the results with NEG 
densities at lower energies i.e., at 135 Mev and 160 MeV 
(shown in Fig. 4 and tables 1 and 2). This shows that the 
finite size effect is important in the transition energy 
region i.e. 181.3—300 MeV and the above results indicate that 
it is quite important at 400 MeV and 500 MeV. 
4.4 Radial Dependence of Schrodlnger Equivalent Potentials 
for *<^ Ca 
In this section our main aim is to study the radial 
variation of the Schrodinger equivalent effective potential 
(U ,,) and the spin-orbit potential (U^^), calculated with 911 so 
various form of nuclear densities at a given energy. 
The U ,, and U are purely a combination of scalar and 
eff SO 
vector potentials. The scalar attractive and vector repulsive 
potentials calculated using Eqs. 3.28 and 3.29 of chapter 111 
mainly follow the shape of the densities used. The strength of 
these potentials calculated with different densities, do not 
differ much. Scalar potentials are almost same in the surface 
region for all densities. The vector potentials corresponding 
11 B 
to HFD and FNEG densities differ markedly from others only 
in the surface region as shown in Fig. 20. 
The scalar and vector potentials are then used to fit the 
available elastic scattering experimental data by adjusting 
9? 
the strengths of these complex potentials. This approach with 
only four adjustable parameters has been found to be adequate 
without modification for analysis above the transition region. 
4.4.1 Density Dependance of the Schrodlnger Equivalent 
40 Potentials for Ca 
For p + Ca elastic scattering the normalized U ,, 
off 
(Normalization parameters given in tables 1 and 2) calculated 
with different densities considered here, shows a smooth Fermi 
like shape at 135 and 160 MeV (Figs. 21 & 22). At these 
energies data seems to prefer the IGO and NEG densities. The 
normalization parameters of the imaginary parts are much 
higher in case of IGO* and NEG^ densities at 135 and 160 MeV 
(table 1 and 2). It is not unexpected as the imaginary 
potentials used at these energies are those obtained for 181.3 
MeV. The use of LRAY^ '** and CHMX' densities give higher value 
of X /D^• It may be due to the differences in U calculated 
with the different densities quoted above in the surface 
region (Figs. 21 & 22)since at these energies volume 
scattering is not expected to play a major role. The values of 
normalization constants and x 's are given in tables 1 and 2 
for 135 and 160 MeV. 
At 181.3 MeV (parameters given in table 3) we find a 
wine-bottle-bottom shape for LRAY^ "**. CHMX^ and FNEG^ 
densities, see Fig. 23. The Re U „ calculated with these 
eff 
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densities gives a better description of analyzing power at 
this energy, whereas the differential cross-section is not 
very sensitive to this type of real U^ .^^,. Though the real U^^^. 
calculated with FNEG densities show a smooth 
wine-bottle-bottom shape and produce a small x /DF for 
analyzing power but give a large x /DF for differential 
cross-section data. This may be because the real U^ .^^. 
calculated with FNEG is different from those calculated with 
and CHMX densities in the surface region (Fig. 23). 
Whereas the real U ,, calculated with IGO densities shows a 
eff 
2 
Fermi-shape and gives a good value of x /DF for cross-section 
but the fit to analyzing power is very poor (Fig. 23 and table 
3). The situation at 200 MeV is also similar. The normalized 
real U .. calculated with the input densities 
911 
and FNEG give reasonably small x /DF for the differential 
cross-section and the analyzing power (parameters given in 
g 
table 4). Though the U^ j^. with FNEG densities is markedly 
different from those with and CHMX densities, (Fig. 
24), in that it does not have a wine-bottle-bottom shape in 
it's radial dependence, yet it gives quite acceptable value of 
X /DF of differential cross-section. However, it does not give 
a satisfactory results for the polarization data (Fig. 24; 
table 4). An attractive real U at all r with a smooth 
wine-bottle-bottom shape seems to be a requirement for a 
reasonable x /DF for spin-observables, as for IGO densities 
(Fig. 24). However, this happens at an expense of the 
differential cross-section. When fitting the 200 MeV 
9i? 
differential cross-section, analyzing power and spin-rotaion 
function data simultaneously, the values of x /DF for 
spin-observables improve to a high quality for the LRAi , 
CHMX and FNEG densities at an expense of x /DF for 
differential cross-section. The real U ,, obtained then has a 
eff 
more pronounced attractive wine-bottle-bottom shape (Fig. 25). 
The U „ calculated with FNEG densities takes the expected 
©11 
shape when spin-rotation function data is included in the 
fitting, and hence gives good value of x /DF for 
spin-observables, (Fig. 25 and table 9). The real U ,, 
ell 
calculated with IGO densities, with and without the inclusion 
of spin-rotation function data into the fitting, remains 
unaltered (as shown in Fig. 26 and tables 4 and 9). From the 
above results we may conclude that the growth of 
wine-bottle-bottom shape in the transition region (i.e., 
181.3—200 MeV) is required to reproduce the spin-observables 
accurately and that this depends on the input ground state 
densities. The main result of our analysis is that it is quite 
difficult to fit the differential cross-section and 
spin-observables simultaneously in the transition energy 
region by a unique potential. It is because the fitting of 
both requires different shapes for the real U „. The other 
el I 
reason may be that the existence of the wine-bottle-bottom 
shape of real U „ in the transition energy region for p 
+ Ca elastic scattering though mainly a relativistic 
characteristic signature yet it depends on the nuclear ground 
state densities used. 
ino 
At 300 MeV, LRAY^ "**, CHMX^ and IGO* give better agreement 
as far as x/D^ is concerned (table 5). As usual, the 
effective potentials which correspond to the good fitting are 
very similar in the surface region though they are quite 
different in the interior region (Fig. 27). From Fig. 27 and 
table 5 we may conclude that the attractive pocket in Re U^ .^^, 
seems to be quite important for obtaining satisfactory 
agreement with the data. If we have spin-rotation function 
data at this energy, we would have expected the potential to 
become more well defined as observed at 200 MeV. 
The strengths of the real U are quite different for 
different densities at 135, 160, 181.3, 200 and 300 MeV (Figs. 
21 to 24 and 27), even for those densities which give good 
agreement with the data. On the other hand real U ,, 
off 
corresponding to densities which give a good description of 
the data are similar and less oscillatory in the surface 
region. This seems to be the feature required for good 
fitting. The results thus indicate importance of surface 
region in the energy range 135—300 MeV. 
The Re U ,, obtained using LRAY^ "**. CHMX^ and FNEG* 
densities give the lowest values of x at 400 and 500 MeV. The 
values of normalization parameters are very close to unity 
(tables 6 and 7). The values of normalization constant show 
that the calculation of scalar and vector potentials is 
satisfactory. The strength of real U when calculated with 
911 
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the above mentioned densities, at 400 and 500 MeV are also 
quite close to each other. This shows that the potential in 
the interior region has also become quite important along with 
the diminished attractive pocket in the surface at these 
energies (Figs. 28 and 29). Our results show that the 
p lo 
normalized Re U ,, calculated only with SMD ' density at 400 
©II 
MeV does not have an attractive surface pocket and it gives 
very poor agreement with the data (Tables 6 and Fig. 28). Use 
of both SMD ' and HFD densities give very poor results at 
400 and 500 MeV (tables 6 & 7 and Figs. 28 & 29). This may 
also be due to wriggles appearing in the central region of 
these densities. These wriggles are also reflected in the 
calculated real U j.^. (Fig. 28 & 29). And, because of the 
volume scattering the wriggles deteriorate the results. The 
real U corresponding to SMD ' and HFD are also 
different in the surface region at all energies which may have 
also affected their predictions. We find that the results 
with both these densities are almost similar except at 400 
MeV, where SMD predictions are very poor. 
The results indicate that the use of FNEG density as 
compared to NEG gives better agreement with data particularly 
at 400 and 500 HeV and in general over the entire transition 
energy region i.e., 200 MeV to 500 MeV (Figs. 2, 3 & 6 to 9, 
11, 12, 14, 15, 17 and 18). This shows that proton finite size 
effect is more important at higher energies i.e., at 400 and 
500 MeV. The total ;t^ /DF is two to three times smaller if the 
10 •y 
finite size correction is taken into account, at 400 and 500 
MeV. (tables 6 and 7). 
The situation of p + Ca elastic scattering at 800 MeV 
is quite different. The real U ,, calculated with different 
©II 
nuclear densities are quite different in their shapes (Fig. 
30). The use of LRAY^ "**, FNEG® and SMD**'*^  densities, do not 
give reasonable values of x^. While CHMX®, IGO*, NEG^ and 
HFD densities give much smaller values of ;^/DF (Fig. 30 and 
table 8). The imaginary scalar and vector potentials used at 
800 MeV were obtained phenomenologically at 500 Mev . 
Probably due to this the normalization constants (X^  ' '^T ^  °^ 
imaginary scalar and vector potentials are far removed from 
unity, particularly X^  (table 8). The large values of x for 
scattering observables and normalization constants of 
imaginary potentials show the importance of imaginary 
potentials at this energy. The second source of ambiguity may 
be the use of NN effective volume integrals which has been 
calculated at 181.3 MeV. The poor results obtained using 
LRAY^ '**, FNEG^ and SMD**'**' densities, may be due to the 
absence of an attractive pocket in the surface region. This 
attractive pocket appears when CHMX , IGO , NEG and HFD 
densities are used and it gives much better results (Fig. 30). 
Thus the existence of an attractive pocket even at 400, 500 
and 800 MeV is an important requirement to obtain reasonable 
agreement (Figs. 28-30). 
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The real U ., remains unaltered at 500 and 800 HeV when the 
eff 
7 
spin-rotation function is included in fitting except for CHMX 
density at 800 MeV. For CHMX, the shape of the real U ,, is 
©11 
quite significantly affected (Fig. 31). The normalization 
constants in general become closer to unity when spin-rotation 
function is included in fitting (tables 9, 10 and 11). The 
effect of including spin-rotation function data in fitting at 
200 MeV is to decrease the strength of the imaginary U^ .^^, and 
bring the reaction cross-section value closer to experiment. 
From the above we may conclude that the optimization of 
overall x to the data of diferential cross-section, analyzing 
power and spin-rotation function presents more realistic 
situation of elastic scattering of proton on Ca at 200 MeV. 
The radial shapes of spin-orbit potentials are different 
for different densities. There is a little shift in peaks of 
real and imaginary spin-orbit potentials for all densities. 
This shift further increases with energy. These differences do 
have some effects on the quality of agreement with 
experimental data. 
4. 4. 2 Energy Dependence of U ^ and U 
Since the best fit normalized potentials are quite 
different from the calculated ones we discuss only the fitted 
real U ,,. Further small differences in the normalization 
eff 
parameters of scalar and vector potentials give rise to 
10^ 
substantial changes in the shape of Schrodinger equivalent 
potentials. We discuss their energy dependence in detail 
below. 
The real U varies smoothly with energy becoming 
7 1 
progressively repulsive in the interior except for CHMX , IGO 
and NEG^ densities at 800 MeV (shown in Figs. 32, 33 and 34 
and table 8). At 800 MeV for CHMX'', IGO* and NEG^ densities, 
the strength of central repulsion is surprisingly very small. 
However even at this energy the attractive pocket at the 
nuclear surface required by the data is prominently present. 
As discussed earlier, this may be due to the fact that 
imaginary scalar-vector potentials calculated for 500 MeV have 
been used at 800 MeV. Therefore, it is not possible to 
pin-piont the reason for this anomalous behaviour of real U „ 
in the nuclear interior. Similar behaviour is observed between 
the real U ,, at 400 and 500 MeV for FNEG (Fig. 35) though 
these predict satisfactory results (Figs. 3,8 & 9 and tables 6 
& 7). 
We now discuss the behaviour of imaginary part of the 
Schrttdinger equivalent potential U ,,. The imaginary U ,, for 
•I 1 el I 
these densities discussed above behaves smoothly and becomes 
stronger with energy. The densities which give poor agreement 
with data (e.g. SMD and HFD) do not have any systematic 
variation of the imaginary potentials with energy (Figs. 38 & 
37). 
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We find that the imaginary U at all energies is quite 
so 
small as compared to the real U as expected. Further, there 
80 
is not much systematic variation in imaginary U (Fig. 
38-40). However the real U shows a much more systematic 
so 
behaviour. The strength of real U increases up to 300 MeV 
so 
and then it starts gradually decreasing (Fig. 38-40) 
4.5 Concluding Remarks 
In this chapter we have applied the folding model to 
evaluate Dirac optical potential for Ca(p,p) elastic 
scattering using various target densities. Treating the 
strength parameters of the potential as adjustable we fit the 
P + Ca elastic scattering data over a wide range of 
energies. We have also studied the radial and energy 
dependence of the Schrodinger equivalent potentials. Our main 
findings are: 
i) At energies, 135 MeV and 160 MeV, calculations of the 
40 
scattering observables for p + Ca elastic scattering 
1 2 
with IGO and NEG densities yield the best results as 
compared to LRAY^ "**, CHMX^, SMD**'***, HFD" and FNEG" 
densities, giving a smaller x /t)F (shown in tables 1 and 
2 and Figs. 2 and 4). 
ii) Results with and CHMX densities are much better 
at 181.3, 200, 300, 400 and 500 MeV in comparison with 
10£ 
other densities considered here (shown in Figs. 2, 3, 5 
to 9 and 11 to 15, and tables 1 to 7 and 9,10). 
iii) Predictions with FNEG densities are quite satisfactory 
at 181.3, 200 and 300 MeV and become better at 400 and 
500 MeV, (Figs. 2, 3, 5 to 9 and 11 .12 and tables 3 to 
7 and 9, 10). 
iv) The results obtained with IGO dens'ities are 
consistently good throughout the energy range 
considered (tables 1 to 11 and Figs. 2 to 19). 
V) The densities (SMD**'*** and HFD") do not give 
satisfactory results. 
In this chapter we have studied the optical potentials 
obtained from the fitting to the experimental data over a 
wide range of energies (135—800 MeV) using different target 
ground state densities . From this comparison we conclude 
that the differences in optical potentials corresponding to 
different forms of nuclear ground state densities at various 
energies are more significant in the central part of the 
Schrcidinger equivalent potential (U ) than in the spin-orbit 
part (U„^). However, because the interior region of the so 
nucleus plays only a small role in proton-nucleus scattering 
at energies considered here, compared to the surface region, 
it may be said that the differences in the predictions of the 
107 
elastic scattering observables are mainly due to the 
difference in the real parts of the potentials in surface 
region. 
Further, our analyses shows tnat there are some problems 
in getting a good fit to p + Ca elastic scattering data in 
the transition energy region (181.3—200 MeV). We find that 
there is no unique potential (U ) which can provide 
acceptable values for x /DF for the differential cross-section 
and spin-observables simultaneously. We have observed that the 
spin-observables are very sensitive to the wine-bottle-bottom 
shape which depends quite sensitively on the target density. 
40 
In the transition energy region i.e. 181.3—200 MeV for Ca, 
potentials are sensitive to the inclusion of spin-rotation 
function data in x minimization. This shows that the 
spin-rotation function data is quite important in obtaining a 
better optical potential. Further investigations are needed to 
understand the transition energy region. 
We find that even small variations in scalar and vector 
potentials lead to larger changes in real U „. At high 
©11 
energies a small attractive pocket in the surface region has 
been found to be quite important in obtaining satisfactory 
agreement with the experimental data. 
IM 
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Table. 1. Values of normalizations (X-) and chi-squares 
U^) for p + '•^ C^a at 135.0 MeV. 
LRAY CHMX IGO NEG SMD HFD FNEG 
0.72 0.71 0.65 0.68 0.57 0.54 0.74 
1.12 1.10 1.86 2.17 2.27 2.22 0.57 
0.76 0.75 0.68 0.71 0.60 0.58 0.79 
1.14 1.11 2.03 2.37 2.49 2.25 0.49 
X of Cs. 55.26 63.16 49.87 22.19 78.17 119.23 77.71 
;«: of Pol. 
;t of SRF 
X^/ DF 60.93 69.64 49.87 24.47 86.19 131.46 85.68 
1^  ^1 
Table. 2. Values of normalizations (X) and chi-squares (x ) 
40 for p + Ca at 160.0 MeV. 
LRAY CHMX IGO NEG SMD HFD FNEG 
A^  of Cs. 
A: of Pol. 
:^  of SRF 
:): / DF 
0.72 
1.24 
0.77 
1.28 
27.20 
3.75 
0.70 
1.16 
0.75 
1.20 
28.66 
6.81 
22.36 24.34 
0.62 
1.90 
0.67 
2.11 
15.98 
9.35 
0.63 
2.28 
0.68 
2.54 
17.33 
8.94 
14.18 16.15 
0.52 
2.21 
0.57 
2.48 
48.40 
17.52 
42.94 
0.50 
2.13 
0.55 
2.39 
63.28 
21.53 
55.73 
0.74 
0.53 
0.79 
0.43 
37.31 
20.81 
35.22 
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Table. 3. Values of normalizations (>>-) and chi-squares ix ) 
4 0 for p + Ca at 181.3 Mev. 
LRAY CHMX leo NE6 SMD HFD FNEG 
;*: of Cs. 
;t of Pol, 
3: of SRF 
ArV DF 
0.77 
1.21 
0.82 
1.22 
33.42 
9.95 
0.77 
1.22 
0.82 
1.25 
34.85 
9.40 
0.62 
1.38 
0.67 
1.47 
31.66 
23.17 
0.63 
1.17 
0.68 
1.17 
59.41 
15.12 
0.51 
1.46 
0.56 
1.56 
0.50 
1.47 
0.55 
1.59 
70.86 64.62 
44.81 
23.52 24.02 29.39 40.48 62.12 
62.94 
0.86 
1.11 
0.92 
1.08 
54.64 
9.49 
68.06 34.96 
Table. 4. Values of normalizations (\) and chi-squares (x ) for 
P + Ca at 200.0 HeV when spin-rotation function is not 
included in fitting. 
LRAY CHMX IGO NEG SMD HFD FNEG 
X of Cs. 
0.88 
1.48 
0.91 
1.49 
17.61 
A: of Pol. 0.63 
A: of SRF 
X / DF 
274.51 
9.46 
0.85 
1.78 
0.88 
1.87 
11.73 
0.40 
329.82 
6.29 
0.68 
0.85 
0.72 
0.80 
35.15 
0.23 
0.73 
1.13 
0.76 
1.09 
37.94 
1.00 
22.35 110.13 
18.31 18.88 
0.59 
1.11 
0.63 
1.06 
61.26 
0.41 
79.63 
31.91 
0.57 
0.38 
0.62 
0.20 
67.48 
0.55 
0.86 
1.61 
0.91 
1.70 
14.03 
3.98 
114.62 160.83 
35.21 9.45 
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Table. 5. Values of normalizations (\) and chi-squares ix ) for 
40 
P + Ca at 300.0 MeV. 
LRAY CHMX IGO NEG SMD HFD FNEG 
0.76 0.75 0.61 0.62 0.48 0.46 0.83 
1.40 1.35 1.35 1.46 1.47 1.37 1.38 
\^ 0.82 0.82 0.66 0.68 0.53 0.51 0.91 
1.47 1.44 1.44 1.53 1.58 1.48 1.46 
:^: of Cs. 16.80 13.28 15.52 22.02 29.40 31.81 25.42 
:t of Pol 7.12 6.65 6.63 7.96 9.79 9.80 7.26 
X of SRF 
X / DF 11.80 9.89 10.92 14.43 19.18 19.93 15.91 
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Table. 6. Values of the normalizations (X) and chi-squares (x ) 
40 for p + Ca at 400.0 MeV 
LRAY CHMX IGO NE6 SMD HFD FNEG 
;^: of Cs. 
X ot Pol. 
X of SRF 
X / DF 
0.76 
1.04 
0.88 
1.01 
6.06 
1.45 
0.75 
1.00 
0.87 
0.98 
9.64 
1.70 
3.58 
0.60 
0.92 
0.70 
0.90 
20.54 
2.85 
0.61 
1.05 
0.71 
1.04 
17.26 
2.38 
0.07 
-1.38 
-0.01 
-1.96 
109.94 
20.31 
5.43 11.14 9.34 62.38 
0.47 
0.75 
0.55 
0.72 
49.23 
3.99 
0.82 
1.09 
0.96 
1.09 
7.57 
1.39 
21.86 4.29 
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Table. 7. Values of normalizations (X) and chi-squares ix ) for 
P + Ca at 500.0 MeV when spin-rotation function is not 
included in fitting. 
LRAY CHMX IGO NEG SMD HFD FNEG 
0.63 0.64 0.50 0.49 0.37 0.32 0.67 
0.94 0.85 0.79 0.99 0.48 0.08 1.13 
0.75 0.77 0.58 0.58 0.41 0.33 0.81 
0.90 0.75 0.67 0.96 0.19 -0.40 1.23 
A: of Cs. 6.02 6.95 30.64 21.39 51.12 65.84 6.59 
;^  of Pol. 1.46 1.42 3.86 4.80 10.87 14.16 1.50 
X of SRF 11.81 11.38 11.80 14.48 14.82 25.05 12.33 
X^/ DF 3.79 4.24 17.43 13.27 31.40 40.52 4.10 
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Table. 8. Values of normalizations (^ ) and chi-squares C;^; ) for 
P + Ca at 800.0 MeV when spin-rotation function is not 
included in fitting. 
LRAY CHMX IGO NEG SMD HFD FNEG 
A: of Cs. 
;e of Pol 
;t of SRF 
X / DF 
0.56 
0.52 
0.67 
0.05 
125.27 
15.39 
12.28 
70.18 
0.32 
2.28 
0.46 
3.50 
33.39 
0.30 
2.25 
0.43 
3.42 
36.27 
0.30 
2.26 
0.44 
3.43 
33.80 
0.48 
-0.42 
0.54 
-1.85 
298.93 
15.90 11.66 
127.70 
24.85 
112.47 
24.06 
12.05 59.55 
110.43 
23.04 
195.64 
179.24 
0.25 
2.30 
0.36 
3.50 
42.32 
12.01 
113.34 
27.24 
0.59 
1.06 
0.76 
1.14 
103.51 
16.93 
60.14 
t56 
Table. 9. Values of normalizations (^ ) and chi-squares {x ) for 
p + Ca at 200.0 MeV when spin-rotation function is 
included in fitting. 
LRAY CHMX IGO NE6 SMD HFD FNEG 
X ot Cs. 
0.77 
1.17 
0.81 
1.16 
46.72 
:^: of Pol. 0.06 
;t of SRF 
X / DF 
46.59 
28.04 
0.76 
1.15 
0.81 
1.15 
42.52 
0.05 
38.56 
24.86 
0.69 
0.91 
0.73 
0.85 
32.90 
0.31 
21.04 
17.85 
0.71 
0.78 
0.75 
0.67 
45.43 
0.46 
30.77 
24.96 
0.61 
0.62 
0.65 
0.47 
65.28 
0.27 
26.98 
0.59 
0.69 
0.63 
0.57 
67.89 
0.45 
49.90 
32.72 37.86 
0.79 
1.19 
0.84 
1.21 
67.20 
0.05 
46.94 
36.87 
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Table. 10. Values of normalizations (X) and chi-squares (x ) for 
P + Ca at 500.0 MeV when spin-rotation function is 
included in fitting. 
LRAY CHMX IGO NEG SMD HFD FNEG 
0.64 0.64 0.51 0.52 0.40 0.23 0.69 
0.96 0.93 9.84 0.92 0.93 1.67 1.10 
0.77 0.77 0.61 0.62 0.48 0.33 0.85 
0.94 0.89 0.75 0.84 0.88 2.13 1.19 
A: of Cs. 6.47 7.31 32.51 24.10 58.18 24.24 6.87 
A: of Pol 1.44 1.49 2.70 2.88 5.75 8.61 1.70 
;t of SRF 7.90 8.16 6.49 5.83 5.40 56.15 7.37 
X / DF 4.66 4.97 15.88 12.33 21 .n 23.30 4.85 
Mm. 
Table. 11. Values of normalizations (X) and chi-squares (x ) for 
p + Ca at 800.0 MeV when spin-rotation function is 
included in fitting. 
LRAY CHMX IGO NEG SMD HFD FNEG 
0.55 
0.53 
0.66 
0.07 
AT of Cs. 128.55 
;<: of Pol. 
;^: of SRF 
X / DF 
14.25 
11.73 
63.36 
0.56 
0.51 
0.68 
0.04 
133.65 
16.73 
13.45 
66.78 
0.32 
2.16 
0.47 
3.25 
39.72 
9.85 
99.71 
33.53 
0.33 
2.17 
0.48 
3.26 
37.41 
10.19 
96.72 
31.84 
0.44 
-0.12 
0.49 
-1.22 
356.44 
15.03 
110.47 
175.89 
0.26 
2.21 
0.39 
3.33 
47.16 
9.03 
99.25 
36.36 
0.60 
1.03 
0.77 
1.08 
105.18 
15.61 
31.77 
56.96 
16i 
CHAPTER V 
p + Pb ELASTIC SCATTERING AT 200-500 Mev 
0^ 
Introduction 
In the previous chapter, we have studied in some detail 
the sensitivity of p + Ca elastic scattering to the various 
forms of the target ground state density using Dirac 
phenomenological approach. In this chapter we extend our study 
ZOB 
to p + Pb elastic scattering to see how far our conclusions 
depend on the target mass number. 
Unlike the p + Ca scattering here we consider only 
three kinds of densities which have been extensively studied 
in the literature. These are the (i) LRAY*"* (ii) CHHX', and 
(iii) the shell model density (SMD). 
The real parts of the scalar and vector potentials have 
been calculated as discussed in previous chapter sect. 4.2. 
The imaginary scalar and vector potentials have been taken 
from Ref. 8, obtained from the phenomenological analysis of 
200 MeV, 300 MeV, 400 MeV and 500 MeV data. In order to obtain 
agreement with data we treat the strengths of complex scalar 
2 
and vector potentials as adjustable parameters in x 
minimisations using CERN search routine MINUIT. 
In sect. 5.1 we have given a brief account of the target 
densities (i.e., Pb) used in the calculations. In the next 
sect. 5.2 we present a detailed discussion of the results of 
our analysis of the differential cross-section, analyzing 
IBiT 
power and spin-rotation function data. A detailed account of 
the Schrodinger equivalent potentials is given in sect. 5.3 
and a brief comparative study of the relativistic and 
non-relativistic phenomenological approaches is given in sect. 
5.4. The concluding remarks are given in sect. 5.5. 
5.1 Target Density 
As mentioned earlier, for p + " Pb elastic scattering, 
only three different types of target ground state densities 
have been used, which are the following: 
i) L. Ray (LRAY) density : these are the densities 
obtained from the simultaneous analysis of the high 
energy proton and the electron scattering experiments. 
ii) Shell Model ' (SMD) density : these are calculated by 
summing the absolute squares of the wave functions of the 
occupied orbits, weighted by the occupation 
probabilities. 
iii) Chaumeaux (CHMX) density : as usual, the proton 
densities are obtained from high energy electron 
scattering but neutron densities are determined by 
the fitting of elastic scattering differential 
n4 
cross-section at 1 GeV. In this case the correlation 
effects have also been taken into account . 
These densities are shown in Fig. 1. 
5.2 Analysis of the Scattering Data 
In this section we will discuss the analysis of elastic 
scattering data for p + Pb within the framework of Dirac 
phenomenology at 200-500 MeV. To calculate the Dirac 
potentials we have us , CHMX and SMD ' densities as 
mentioned above. 
5.2.1 Differential Cross-Section 
The results of differential cross-section obtained from 
our phenomenological analysis of p + Pb elastic scattering 
at 200—500 MeV are shown in Fig. 2 along with the 
8—lO 
experimental data . It may be seen that angular 
distribution of the differential cross-section are reproduced 
quite well in the forward angle region at all energies with 
all densities considered here. Noticeable discrepancies are 
present at large angles. Predictions with SMD' are not in 
good agreement with the data at any energy considered here 
(Fig. 2). The SMD predictions underestimate the minima lying 
between 16 to 28 , whereas it overestimates the data at 
higher angles. With this density' best results are obtained 
its 
at 400 and 500 MeV (Fig. 2). Curves corresponding to LRAY* * 
and CHMX' densities follow the data more closely at all 
2 
angles, (Fig. 2) and hence yield the smaller value of x for 
differential cross-section. The reproduction of differential 
cross-section data at 200 MeV is very poor. Theoretical curves 
calculated with each of the density considered here do not 
give good agreement with the data at moderate and large angles 
at this energy (Fig. 2). On the whole it may be said that a 
reasonably satisfactory reproduction of the differential 
cross-section data is obtained at all energies and for all 
densities considered here . Thus, like p + Ca scattering, 
Dirac potentials having shapes like the density distrubution 
are quite adequate to satisfactorily explain the angular 
distribution for p + Pb scattering at medium energies. This 
should be compared with Schrodinger potential in which the 
real potential changes shape with increasing energy quite 
drastically and which in terms of the Dirac phenomenology 
finds explanation as the results of the interplay of the 
various components of the Schrodinger equivalent potential. 
The inadequate representation of the data at 200 MeV, 
deterioration of the fit at higher angles, better 
representation of the data at higher energies, all these have 
same explanations as have already been given in the previous 
chapter sect. 4.3.1, and are target independent. 
5.2.2 Analyzing Power 
The predictions of analyzing power are shown alongwith 
the experimental data in Figs. 3 to 6. These, results are 
quite sensitive to the form of densities used. The fitting 
of the analyzing power data for p + Pb elastic scattering 
at 200, 300, 400 and 500 MeV shows that it is very poor at 
moderate and higher angles with LRAY*"*, CHMjf and SMD**'' 
densities. The quality of fits is not good even at forward 
angles in case of any density (Figs, 3 to 6). SMD ' density, 
as usual, give poorest agreement. The results with CHMA 
density are the best except at 200 MeV, whereas LRAi 
density gives smallest value of x /D¥ for analyzing power, 
(Figs. 3 to 6 and tables 1 to 4). 
Overall it is found that the large discrepancies between 
the results of analyzing power obtained with different 
densites , at large angles diminish with increasing energy. 
But at these energies the large error bars in the experimental 
data at large angles makes it difficult to draw any definite 
conclusion (Figs. 3 to 6). The poor reproduction of the data 
at 200 MeV further shows that this energy region is quite 
difficult to fit within the present framework as mentioned in 
the previous chapter sect. 4.3.2. 
Ml 
5.3.3 Spin-Rotation Function 
The data for spin-rotation function are available only 
at 500 MeV. The reproduction of spin-rotation function data is 
2 
not satisfactory even when it is included in x minimisation. 
The reason for this discrepancy may be the constrained 
geometrical shape parameters in our analysis. The agreement 
with the spin-rotation function data is better using LRAi 
and CHMX' densities rather than SMD**' densities (Fig. 7, 
table 5). A qualitative representation of the spin-rotation 
function can be obtained by only fitting of diferential 
cross-section and analyzing power data (Fig. 8 and table 4 and 
5). So now we may say that the prediction of spin-rotation 
function is a relativistic characteristic signature only at 
500 MeV independent of target densities used in the 
calculation. Over all the inclusion of spin-rotatin function 
data in minimisation with differential cross-section and 
analyzing power does not make any major difference in the 
quality of agreement with experimental data (Figs. 8, 9, 10 
and tables 4 and 5). 
5,3 Schrodlnger Equivalent Potentials 
The normalized real Schr5dinger equivalent effective 
potential »U^ ff, calculated with LRAY*~* and CHMX' densities 
give almost similar values of x /t)F at all energies considered 
here, (tables 1 to 4). Though these potentials are quite 
r 
different in the interior region yet are very close in the 
surface region at all energies i.e., 200—500 MeV (Figs. 11 to 
14). Thus, as for p + Ca, we find that the scattering from 
surface region plays an important role. The wine-bottle-bottom 
shape 'is more pronounced when Re.U is calculated with 
densites, in the transition region at 200 MeV. But the x for 
the scattering observables are better for U ,, calculated with 
LRAY* densities (Fig. 11 and table 1). This shows that the 
spin-observables are not very sensitive to the 
208 
wine-bottle-bottom shape of Re.U in case of p + Pb 
40 
elastic scattering at 200 MeV, as found for p + Ca elastic 
scattering (chapter IV sect.4.4.1). The radial variation of 
Re.U„ for p + Pb elastic scattering shows an attractive 
eii 
pocket in the surface region at all energies and for all 
densities considered here (Figs. 11 to 14). So, we may 
conclude that the existence of the attractive pocket in the 
surface region is not independent of energy and density but 
also of the target. This has almostestablished that it's 
existence in the surface region is purely relativistic 
characteristic signature. 
The Im.U of p + Pb elastic scattering does not show 
1—7 
any noticeable feature at all, for all the densities and 
the energies considered here, except that all those Im.U „ 
©if 
which give small values of x are quite similar in the surface 
region (Figs. 15 to 18). 
The real and imaginary parts of U of p + Pb elastic 
scattering are almost similar to the one obtained in the 
12-parameter fitting, with a difference that in case of 
LRAi and CHMX densities the real and imaginary parts of 
U becomes repulsive and attractive respectively in the 
so 
interior region. Whereas the U calculated with SMD ' shows 
so 
wriggles in the interior region and give large values of x /DF 
at all energies i.e., 200, 300, 400 and 500 MeV (Figs. 19 to 
22 and tables 1 to 4). The peaks of Re.U do not lie on the 
80 
same line but are shifted towards periphery of the target. 
This shift does not depend on energy. It appears to be the 
characteristic of density used. Whereas the strengh of these 
peaks depends on energy. It decreases with increasing energy. 
(Figs. 19 to 22). 
When spin-rotation function is included in the fitting of 
20B 
P + Pb elastic scattering at 500 MeV the resulting optical 
potentials i.e., real and imaginary parts of U ., and U are 
©11 so 
hardly affected (Figs.23 to 25 tables 4 and 5). 
5.4 A Comparison of Relativlstlc & Non-Relatlvistlc 
Approaches 
A comparison of the present analysis with those of 
11 12 
Haider and Bauhoff based on non-relativistic dynamics 
(Figs. 2 and 26 to 29) leads to the simple conclusion that the 
success of the Dirac potentials in accounting for the 
171> 
differential cross-section data at 160, 181.3, 200 and 500 MeV 
for p + *°Ca scattering and at 200 MeV for p + "^"Pb 
scattering is due to the fact that Schrodinger equivalent 
potentials are of the shape just needed to reproduce 
scattering observables specially the differential 
cross-sections. Thus the unusual shape of the real central 
potentials required in the Schrodinger dynamics may be taken 
as the relativistic signature. This fact further leads us to 
the conclusion that the input uncertainties due to incomplete 
knowledge of nuclear ground state densities do not disturb the 
fitting, particularly, of differential cross-section so 
severely as the relativistic treatment accounts for the 
discrepancy between the theoretical curves and the 
experimental data. 
W. Bauhaff's results with LRAY ~ density reproduce the 
data of analyzing power for p + Ca elastic scattering at 160 
MeV quite well, whereas our results, using the same density 
are slightly inferior (Fig. 26, 27). However, our predictions 
at 200 MeV for proton elastic scattering on Ca with Dirac 
phenomenology is much better, compared to it's corresponding 
Schrodinger phenomenology when the same densities are used 
i.e., LRAY*'*, SMD**'' and H F D " densities (Fig. 28). 
In our analysis the calculated differential cross-section 
analyzing power and spin-rotation function with LRAY* "* and 
CHMJC* densities at 500 MeV for p + ***Ca elastic scattering are 
1 'i 
in good agreement with the respective data (Fig. 29). So, a 
comparative study of our results and the results obtained 
11—12 
non-relativistically , with the same densities (Figs. 26 
to 29) simply shows the importance of relativistic effects. Of 
particular importnce is the improved behaviour of relativistic 
predictions at small angles for all calculations with nuclear 
densities obtained from different sources at all energies for 
both the targets i.e., *°Ca and ^°"Pb, (Figs. 26 to 29.). 
Haider and Bauhoff both conclude that LRAY density 
5—7 13 
is more reliable and realistic as compared to the others 
used in their analyses. Haider has further established that 
the use of the microscopic densities (SMD ' and BED 
densities) yield very poor results in all respect at 181.3 
MeV. We have also found similar results thus complimenting 
their conclusions. 
Summarizing we may conclude that the relativistic 
predictions are not in anyway inferior to the calculations 
based on Non-relativistic approaches. 
5.5 Concluding Remarks 
Visually good fits to the differential cross-section data 
have been obtained in case of p + Pb elastic scattering in 
the Dirac phenomenological analysis (Fig. 2) with smoothly 
varying scalar and vector potentials show as for p + Ca 
elastic scattering. 
Qualitatively good representation of spin-observables is 
also a noticeable feature of the relativistic optical model 
(Figs. 3 to 7). A satisfactory fit to the spin-rotation 
function, even when it is not included in the fitting at 500 
HeV for p + Pb elastic scattering (Fig. 8), as found for 
40 
P+ Ca scattering at the same energy, is quite satisfying. 
40 
As for p + Ca scattering, the results at 200 MeV are 
not satisfactory. Thus it appears that at lower energies the 
geometries given by the folding model used here are not 
satisfactory. In any case it provides a good reason for 
further studies in the transition energy region i.e., 
181.3—200 MeV. 
The spin-observables at 200 MeV do not show any 
preference to the wine-bottle-bottom shape of Re.U ., as found 
ei I 
for p + Ca elastic scattering. But the existence of an 
attractive pocket at all energies considered here irrespective 
of the densities used is totally target independent, and is an 
essential feature of the relativistic optical model. Overall, 
it was found that LRAi and CHMX densities are preferred by 
the experimental data as compared to the SMD ' densities. 
V'o 
A comparison of the relativistic (our work) and 
11 12 
non-relativistic (W. Haider and Bauhoff work) calculations 
of the scttering observables over the energy range 100—500 
HeV indicates that the relativistic effects are very important 
for explaining the spin-dependent observables at all energies 
(Figs. 26,29). Wherever data exist, the agreement is improved 
compared to the non-relativistic calculations of these 
observables. The agreement with cross-section data is improved 
at higher energies but the improvement is not so remarkable at 
low energies (Figs.27a, 28b, 28d and 29b). This may reflect 
the importance of Pauli effects, neglected higher order 
multiple scattering terms, and inadequate knowledge of the 
relativistic features of NN effective interaction . The most 
interesting and obvious relativistic effects occur at low 
momentum transfer. This offers an opportunity for further 
research, unhampered by serious contributions from the 
correlation effects. 
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Table. 1. Values of the normalizations (X) and chi-squares 
ix^) for p + ^ ^^''Pb at 200.0 MeV. 
:^  of SRF 
LRAY CHMX SMD 
0.64 0.71 0.48 
1.02 1.10 1.14 
0.69 0.76 0.53 
0.97 1.06 1.08 
X of Cs. 86.61 99.58 124.76 
X ot Pol, 7.56 11.56 23.96 
X^/ DF 47.60 55.57 74.36 
2^0 
Table. 2. Values of the normalizations (X) and chi-squares 
(/) for p + ^ ""Pb at 300.0 MeV. 
;t of SRF 
LRAY CHNX SMD 
0.64 0.75 0.47 
1.31 1.41 1.64 
0.69 0.82 0.51 
1.36 1.47 1.78 
;e of Cs, 13.24 28.50 49.01 
X of Pol. 7.63 5.19 13.84 
x""/ DF 10.57 16.85 31.81 
?.R^ 
Table. 3. Values of the normalizations (\) and chi-squares 
(/) for p + ^ ""Pb at 400.0 MeV. 
:^  of SRF 
LRAY CHMX SHD 
0.59 0.72 0.44 
1.10 1.14 1.46 
0.68 0.84 0.51 
1.10 1.12 1.55 
;c of Cs 18.98 30.60 38.62 
;K of Pol 8.07 6.96 33.37 
X/ DF 13.66 18.95 35.37 
Oft' 
Table. 4. Values of the normalizations (X) and chi-squares 
iX^) for p + ^ '^^ Pb at 500.0 MeV. 
LRAY CHMX SMD 
0.51 0.66 0.38 
1.26 1.24 1.62 
0.61 0.80 0.43 
1.34 1.29 1.83 
X of Cs 11.50 14.12 15.40 
;t of Pol 5.20 2.08 18.64 
X of SRF 33.78 27.00 53.34 
X^/ DF 8.48 8.10 17.29 
'>.m 
Table. 5. Values of the nomal iza t ions ( \ ) and chi-squares 
2 20B 
ix ) for p + Pb at 500.0 MeV when spin-rotation 
function is included into the fitting. 
LRAY CHMX SMD 
0.52 0.68 0.38 
1.18 1.17 1.54 
0.62 0.81 0.43 
1.23 1.19 1.72 
A: of Cs 12.73 14.64 16.82 
;t of Pol, 4.34 1.92 17.67 
A: of SRF 29.38 22.56 47.95 
X / DF 10.44 9.49 20.12 
'vfi:^ 
CHAPTER VI 
SUMMARY AND CONCLUSION 
2Ta 
Summary and Conclusion 
Non-relativistic optical model has proved to be useful 
for analyzing nucleon-nucleus elastic scattering experiments 
at low energies. It has also been successful in accounting for 
the nucleon-nucleus elastic differential cross-section data 
even at intermediate energies where one expects the 
relativistic effects to be important provided that appropriate 
relativistic kinematic instead of the non-relativistic ones 
are used. However, the situation at intermediate energies 
changed dramatically about a decade ago when the 
spin-observables especailly the spin-rotation function were 
also included in the analysis. The non-relativistic approaches 
whether phenomenological or microscopic failed seriously in 
accounting for the spin-rotation function data around 500 MeV. 
The failure of the non-relativistic optical model at 
intermediate energies led to the application of what is now 
popularly known as the Dirac optical model phenomenology in 
which one uses the Dirac's relativistic equation instead of 
the non-relativistic Schr5dinger equation and a mixture of 
complex scalar and vector potentials. The Dirac phenomenology 
has not only proved to be very successful in accounting for 
the elastic scattering observables at intermediate energies 
but it also gives rise to the spin-orbit term in the 
Schrodinger equivalent potential rather naturally. 
?Ai 
A computer code was developed by us to calculate the 
scattering observables solving the Dirac equation using vector 
and scalar potential* obtained by folding the effective 
NN-interaction as mentioned in chapter III. 
In this work we have used the Dirac relativistic 
40 
phenomenological approach to analyze P + Ca (i.e., 135 MeV 
to 800 MeV and 200 MeV to 500 MeV respectively) in the folding 
model. Our main aim in the present analysis, has been to 
observe the effects of using different nuclear ground state 
densities as obtained from the various sources, on the 
scattering observables and on the radial distribution of the 
resulting potentials especially on the real Schrodinger 
equivalent potentials. We have laid our emphasis on the 
transition energy region as it is always difficult to 
reproduce the data in this energy region. 
For proton elastic scattering on Ca and Pb we have 
found that our analysis with a few exceptions reproduces the 
differential scattering cross-section data quite well, at all 
energies considered in this work. Surprisingly the good 
reproduction of the differential cross-section data at all 
energies is found to be almost insensitive to the nuclear 
densities employed in fitting the data. Since a similar 
situation does not exist in the non-relativistic approaches, 
it may be concluded that the good reproduction of the 
differential cross-section data irrespective of the source of 
2334 
the target densities, energies and target is purely a 
relativistic characteristic signature. A marked improvement in 
fitting of the spin-observables is also obtained. But unlike 
differential cross-section the spin-observables are found to 
be very sensitive to nuclear densities used in the 
calculations. The differences in the fitting corresponding to 
the different nuclear densities, considered here, are 
prominent at large angles. Especially the transition energy 
region data (i.e. 181 MeV and 200 MeV) is highly sensitive to 
the input densities. 
Our analysis shows that 
i) the adequate description of spin-rotation function from 
the fitting of the differential cross-section and 
polarization data is relativistic characteristic and it 
depends on the form of the densities used in the analysis 
and the energy of the projectile in the lab system 
ii) the appearance of the wine-bottle-bottome shape, in the 
radial distribution of the resulting Schr5dinger 
equivalent real central potential for P + Ca elastic 
scattering at 200 MeV, is very sensitive to the nuclear 
density model employed. 
and 
Z l o 
iii) two different shapes of the Schrodinger equivalent 
potentials (Urj) are required to fit the differential 
cross section and polarization data satisfactorily at 
200 MeV. The latter simply shows that no unique 
potential can give satisfactory fit to the differential 
cross-section and polarization data at 200 MeV 
simultaneously. 
Further, we find that the inclusion of spin-rotation 
fuction data in our analysis markedly improves the results of 
polarization data as well, particularly in the transition 
energy region. This shows the importance of measuring the 
spin-rotation function data for a reliable determination of 
the Dirac optical potential and hence the density 
distribution. 
The appearance of an attractive pocket in the radial 
distribution of real Schrtidinger equivalent potential has been 
found to be an essential feature of the Dirac potential which 
reproduces the data quite well at all energies considered here 
for both the targets. This feature also depends on the form of 
density used to obtained the potential. Thus it is not only 
the relativistic characteristic signature but also a crucial 
requirement. 
zu 
With regard to the different densities used in the 
analysis we may conclude that the use of Negele and Igo 
densities give better results at lower energies. However, on 
the whole the densities as given by Ray, Chaumeaux and Igo 
give better results as compared to others at most of the 
'energies and these densities may be taken as more realistic. 
Microscopic densities such as the shell model densities or 
Hartree Fock densities yield poor results when employed in the 
calculation. This shows the inadequacies of the existing 
microscopic theories as far as the finer details of the 
density distribution are concerned. Our study also highlights 
the importance of incorporating the nuclear finite size 
correction. 
To sum up the Dirac optical phenomenology in conjunction 
with the folding model for calculating the optical potential 
seems to be fairly reliable in extracting information 
regarding the ground state density distribution in target 
nuclei and testing nuclear structure theories. 
